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The aromatic protone of amino acids and small peptides 
have been exchanged with deuterium under conditions which 
produced no s ign if icant exchange o f the non -  aromatic 
protons. A heterogeneous catalyst system was found to  be 
•suitable fo r  the deuterium exchange o f b io lo g ica l ly  
active molecules, and platinum used in a 1:1 molar ra t io  
with the labelled compound, was the most se lec t ive  o f  the 
Group V I I I  metal catalysts.
Substantial exchange o f the aromatic protons o f 
phenylalanine, tTyrosine, tryptophan and histidine 
occurred when the reaction was allowed to proceed fo r  
1 day, at 70°C. A similar deuterium distr ibution was 
found in the aromatic amino acid residues o f a number o f 
model peptides under the same reaction conditions. 
Substantial incorporation into the diketopiperaaiine ring 
o f  labelled cycle ~ dipeptides was found when iridium, was 
used to catalyse the reaction. The optica l purity and any 
peptide bonds present in the labelled compounds were 
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Proteins occupy a central position in the architecture
and function o f  l iv in g  matter. They are intimately .
connected with a l l  phases o f chemical and physical 
a c t iv i t y  that constitutes the l i f e  o f  a c e l l .  A protein is 
a nolymer derived from amino acids which are linked 
tomethe*»" bv amide bonds. The order in. which the amino acids 
are arranged is called the primary structure o f  the protein. 
The b io log ica l  a c t iv i t y  o f  a protein not only depends on 
the order o f  amino acids but also on the three dimensional 
arrangement o f the molecule in  space. This is usually 
referred to as the conformation and is  dependent on the 
presence o f hydrogen bonding within chains (secondary 
structure) and hydrogen bonding between d i f fe ren t  chains o f  
the protein molecule ( t e r t ia ry  structure).
In order to study the e f fe c t  of the secondary and 
te r t ia r y  structures on b io log ica l  a c t iv i t y  i t  is  important 
to id en t i fy  those amino acids which are read ily  accessible 
to the substrate molecules.The best method o f  determining
the primary 
and the con
structure o f  a orotein is  by
~ 1
ormation by » r a y  analysis.
chemical methods 
This is  extremely
time consuming since proteins are very complex molecules and 
the large amount o f  X -  ray data is d i f f i c u l t  to evaluate
and to in terpret.  Prom the b io log ica l  point o f  view a 
further disadvantage o f  X -  ray analysis is that i t  is  
concerned with the crysta l l ine  protein only and thus the 
X -  ray data may not b e .relevant to the b io lo g ic a l ly  active
protein which is only active in an aoueous medium.
There have been numerous publications  ̂ in recent years 
that emphasise the potentia l o f nuclear magnetic resonance 
(N.T-I.R.) investigations on the study o f conformation of 
amino acids, peptides and proteins. The application of 
n rot on NJI.R. to proteins however is limited because o f the 
larme number o f protons present in a protein molecule. This 
fact combined with a r e la t iv e ly  small spread in chemical
TU -
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Where M = metal surface
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s h i f t s  and large in t r in s ic  l in e  widths makes in terp re ta t ion  
very  d i f f i c u l t .  Spec i f ic  deuteration o f  proteins results 
in  much simpler N.M.R. proton spectra and allows more 
deta i led  studies  ̂ be carried out. This provides promise 
with regards to  the resolution o f  s p e c i f ic  resonances in  
the spectra o f  peptides and proteins.
I f  the proton exchange could be limited to  s p e c i f ic  
amino acids ( i . e .  neutral, basic or ac id ic  amino acids) or 
to  eas i ly  accessible residues, that is  amino acids which
are situated near the active  s i t e  o f  the protein molecule, 
or amino acids situated on the surface o f  the p ro te in ,  tnen
an N.M.H. spectrum would y ie ld  valuab-ie information re la ted
to the conformation o f  a b io lo g i c a l l y  a c t iv e  p ro te in .
The aim o f  th is  inves t iga t ion  was to  s e le c t i v e ly  
deuterium label model amino acids and peptides in  th e i r  
aromatic side chains under conditions which would leave 
the secondary and t e r t ia r y  structure o f  a b io lo g ic a l l y  
act ive  prote in  molecule in tac t .
Based on the work o f  Garnett and Ca lf  ^9 i t  seems 
c lea r  that such exchange reactions might be carried out 
using Group V I I I  metal catalysts and deuterium oxide, as 
the source o f  deuterium. Since the aim was to  labe l  a 
b io lo g ic a l l y  ac t ive  protein molecule, the exchange 
conditions had to be mild enough to  preserve
(a) the s te r ic  purity o f  the component amino acids
( b )  the.peptide bonds ' ..
(c )  the conformation .
Previous work  ̂ on the ca ta ly t ic  lab e l l in g  o f  o p t ic a l ly
act ive  molecules, such as la c t ic  acid at 130*C has shown 
that substantial racemisation may accompany deuterium 
exchange. This has been explained by the mechanism shown 
in  f igure  (1 ) .
Whilst the degree o f  racemisation under these exchange
5
conditions may be less  severe in  a prote in  molecule, where 
the asymmetric centres o f  the ind iv idual amino acids are 
less l ia b le  to  be exposed to the metal surface, i t  is  c lear 
that milder reaction conditions must be used to minimise 
the danger o f  racemisation.
Since peptides and proteins are polymers o f  amino acids 
linked by peptide bonds (-COM-) which are sens it ive  to  
hydrolysis in  both acid ic  ^ ’ 9,10 gn  ̂ ^aSj_0 media i t  is
essentia l  that lab e l l in g  must be carried out under 
conditions which w i l l  leave the peptide bonds in tac t .
F in a l s  one has to be carefu l that the deuterium 
lab e l l in g  does not result in conformational changes o f  the 
protein molecule (denaturing). In fact proteins are o ften 
denatured by (a ) heat (b ) pH, changes (c )  reagents which
" i'2 ^tend to rupture hydrogen bonding. ' Keeping the above 
re s tr ic t ion s  in  mind, a l i te ra tu re  survey o f  ca ta ly t ic  
lab e l l in g  procedures p o ten t ia l ly  suitable fo r  peptides and 
proteins was made.
The l i te ra tu re  suggests that aromatic molecules such as
benzene or aromatic po lycyc l ics  are most conveniently
exchanged under mild conditions i f  G-roup V I I I  metals are
11 i7>used as heterogeneous cata lysts .  y Although acid
f  A -1 g
induced exchange ’ has been shown to  g rea t ly  f a c i l i t a t e  
deuterium incorporation into the aromatic ring, the 
'required hydrogen ion concentration was too large fo r  i t  to 
be safe to  use with peptid.es and proteins. This suggests 
that a suitable s ta r t ing  point fo r  the deuterium lab e l l in g  
o f  aromatic amino acids, peptides and proteins would be a 
heterogeneous ca ta ly t ic  system using G-roup V I I I  metals in  a 




I t  is  convenient to c la s s i fy  three typos o f  protone in 
on aromatic amino acid ♦ These ore (a ) lab i le  (b ) aromatic 










G -  0 Jt GOO -  H 
H - 1 ^  ( r )
I f  is  ioost convenient to discuss the theory o f  exchange 
o f  these d i f fe ren t  protons separately.
(a )  Labile protons: The la b i le  protons are bonded to 
strongly electronegative functions such as the carboxylic 
acid and the amine group o f  an amino acid. The protons 
exchange rapidly and eauilibrium deuterium incorporation 
occurs in  most aqueous solutions without the aid o f  a 
ca ta lys t .
-  CHp - OH- GOOH 
I
li:i2
*+* I^ O —► -  CH0-  OH- GOOD -i- HDO£ i
' M 2 '
Back -  exchange o f  these deuterons is  also rapid in aqueous 
solutions.
17—21(b) Aromatic protons; Garnett and So l l ich  * have proposed
that the d issoc ia t ive  rr -  complex substitution mechanism
predominates in aromatic proton exchange reactions which are
carried out in deuterium oxide. -T hey -.postal at e. that the.
aromatic molecule is  adsorbed on the metal surface by
donation o f  rr- electrons into the empty d -  orb ita ls  o f  the
22 7 ** 71metal catalyst There is  also a s ign if ican t
donation o f  metal d -  electrons into vacnnf_anti -  bonding 
o rb ita ls  o f  the molecule ’ .
























-  CH0 -  CH -  COOH + M 
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The adsorbed Tr -complexed aromatic (1) then reacts with 
a metal radical (ac t ive  s i t e )  by a substitution process. 
During th is reaction the molecule rotates through 90° and 
changes from horizontal adsorption to  v e r t i c a l  o*-bonded 
chemisorption, ( f igu re  2)
Rotation o f  the ring is  necessary since "edge on" or 
" v e r t i c a l "  TV -complexing is  prevented by the o rb ita l  
symmetry and by the s te r ic  hinderance o f  the aromatic 
protons. While o  -bonded the aromatic compound undergoes 
a second substitution reaction at the carbon-metal bond 
with a chemisorbed deuterium atom and returns to the 
T r  —bonded state ,  ( f igure  3)
The aromatic molecule may then e ither desorb, as a mono-
deuterated species, or undergo further substitution, mainly
in the meta and para positions. Decreased exchange rates in
27the ortho positions ' f o f  a lkyl benzenes have been observed 
and these have been attributed to  s te r ic  e f fe c ts ,  because 
large and s t e r i c a l l y  crowded substituents ( t -bu ty l )  tend to 
decrease the rate o f  exchange more than smaller 
substituents (methyl).
(c )  Non-aromat i c  protons: I t  is  generally recognised that 
non-aromatic protons exchange by a d issoc ia t ive  mechanism" no po
proposed by Farkas and Farkas 5 . This mechanism
involves the chemisorption o f  the molecule through carbon­
hydrogen bond rupture, ( f igure  4)
Modified f r  -complexed mechanisms have been proposed fo r
the exchange o f  molecules which contain a l l y l i c  
17protons *. These mechanisms have involved -J7\-aHylic
intermediates 30,3-1*32^ ( 2 )




















C -  CH -  GOOH 
M NH2 (2)
Pour methods fo r  the preparation o f  Group V I I I  metal 
catalysts are currently favoured. These involve the use o f
oxides or chlorides followed by exposure to
(a) hydrogen at various temperatures 33? 18519
(b) potassium' or sodium borohydride 34,35,4
(c )  other organic reducing agents 3^
(d ) rad ia t  i  on i  nd uced (U. V., T-r*ays) red llc«fc ± on 4,37,38 
Since sodium borohvdride reduced catalysts have been
s how n to g i ve a hi g h y ie 1d o f  r i  ng de ute rat ion, t hi s met hod
was used- exc lus ive ly  fo r  the rreoaration of reduced
a " '
Group V I I I  metal ca ta lys ts . '1' .
In order to evaluate the degree and position o f  deuterium, 
exchange -which have taken place in an amino acid or rent id e 
labe l l in g  experiment, i t  was necessary to develop a suitable 
analyt ica l procedure. The l i te ra tu re  suggests that N.TJ.R. 39 
or mass spectroscopy are most suitable for  this
purpose. Since an N.M.R. instrument was not read ily  
available to us, mass spectrometric techniques were developed 
fo r  the analysis o f  the reaction products. Since amino acids 
and peptides are not s u f f ic ie n t ly  v o la t i l e  for  d irect mass 
spectrometric study, i t  was necessary to modify these 
compounds to give v o la t i l e  der ivat ives . This was achieved
b y .converting the free carboxylic acid function o f  the
- ' A2 ' ' .
products to ethyl esters r~ by treatment with thionvl
chloride-ethanod.j followed by condensation o f  the amino
function with e ither  pivaldehvde (3) or acetyl acetone ( a )
in a neutral medium, ( f igure  5)
I t  was then possible to gas chroraatograbh' the amino
acid der ivat ives ,  and examine the degree o f deuterium
soc i
R -  GII
R -  GII, -  GII -  NEL .HC12  i 2
COOCpHp.
+





CH, -  C ~ CH = 0 
3 i
ch2
P i v a Id efryde (3 )
R -  OHp -  OH -  ITH2.HC1
Ò000oH-
' 5
Amino acid  e th y l  e s t e r  
h Trd r  o c b 1 o r  i  d e
OH*
i  o n—e xc na nge
beads
► R -  0Ho -  OH -  IHCH-C -  OH, 
2 l I 3
OOOOpH OH,






CHo -  0 -  OH'2
0
3
A c e ty l  acetone (4 )
ion-excfrange 
beads R -  0Ho -  OH -  MI -  C s CH -  0 -  CH.
2 I i li 3





1 ncoroorati on of* the eluent bv mngs sneet^escocv. Poof id os— . o ■ * *. " +- %j > * *
re e ither hydrolysed to monomers which could bo examined 
in  turn by G-.L .0, —Tf,S, or converted to the acetvl acetone 
ethvl ester derivat ives o f  the neotides and then analysed 
d i r e c t ly  by mass spectrometry.
In th is  system the v o la t i l e  sample molecules pass into 
the ion isation chamber where ‘they are bombarded by electrons 
o f  controlled energy. An impacting electron o f  energy barely 
exceeding the ionisation potentia l (usually 8 -  14 eV), o f  
the molecule, removes an electron to  form a p os i t iv e ly  
charged radical ion, referred to as the molecular ion. At an 
increased electron energy (up to 70 eV) bond f is s ion  occurs 
in  one or more steps, or is accompanied by a rearrangement 
o f  the molecular or fragment io n (s ) .  Multiple ionisation 
and ion -  molecule co l l is ions  are less frequent occurrences. 
Amino acids and peptides which have similar side chains tend 
to  produce s im ilar mass spectrometric patterns.
The amino acids which were labelled in this study tended 
to  f a l l  into two d is t inct  groups (a) the aromatic and 
heterocyclic ;  and (b) the non -  aromatic or neutral amino 
ac ids .
Phenylalanine is the simplest aromatic amino acid and was 
used to establish conditions under which only the aromatic 
protons would exchange. The factors which a f fec t  the rate o f  
deuterium incorporation were (a) the metal catalyst (b) the 
amount o f  catalyst used (c ) the temperature o f the exchange 
reaction.
The pivaldehyde ethyl ester der ivat ive  o f  phenylalanine 
(5) was prepared fo r  mass spectrometric deuterium analysis. 
The dominant signals in the mass spectrum were produced by 
fragments formed from bond rupture about the atom.
?H3
CH2 -  CH ~ N=CH-C -  CH3
cooc2h ch3 ( 5)
Table E f f e c t  o f  c a ta ly s t  on the ra te  o f  deuterium incorpora t ion
in t  o . pheny 1 a lan i ne .
Pent .D i e t . Deuterium D is t r ib u t ion
Cata lys t Time Temp m./e D eu t . In c . 
(atom 7)
m/e Deut. I n c . 
(atom c4)170 17.3 17? 188 189 1Q0 191 =)Q2 10 7
Ni eke1 1 day 70° 0 £0 40 40 d 9 2̂ 28 1S 10 34 '
Palladium 1 day 70° Ö 97 3 3 0 £ 47 3? 10 5 33
I r id ium 1 flay
oec
100 0 * 0 0 0 11 77 7 5 38
5 days 38' 0 98 2 2 ?5 28 25 19 2 18
P la t  i  num 1 day 70°0 99 1 -1 0 0 10 f 'l• < ’11 1.1 41
5 days 38* C ‘ 99 1 1 0 0 9 80 10 38
—a —R
phenyla lanine 6 x  10 " moles; c a ta ly s t  6 x 10 '  moles; deuterium oxide 0.05 moles.
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The loss o f  the ester formation ( -  73 m.u.) produces an 
ion usually referred to as the ’’amine" fragment and i t  is  
present in the mass spectrum of many amino acid der ivat ives .  
Rupture o f  the -  Cp bond is  typ ica l  o f  aromatic and 
heterocyclic  amino acids and i t  may arise by two common 
fragmentation pathways These are (a) the side chain may
be eliminated as the cation and in the case o f  phenylalanine 
a signal at m/e 91 is  observed; more commonly (b) the 
phenylalanine side chain can be eliminated by homolytic 
cleavage o f the 0^ -  0  ̂ bond, as a radical resu lting in a 
large signal at m/e 170 ( Mt -  CĤ  -  ^5^ )•
The amine fragment, m/e 188, contains eight protons from 
the phenylalanine molecule and so a 37*5/ deuterium 
incorporation is  consistent with the exchange o f  three 
protons. Since the meta and para protons are most read ily  
exchanged^ the results in Table I  suggest that both 
platinum and iridium proceed almost to equilibrium in these 
three positions. At lower temperatures platinum appears to  
be the more e f f e c t iv e  cata lyst.
As shown in Table I I  an increase in the amount o f  catalyst 
results in a greater deuterium incorporation and th is  is  due 
to  the increased number o f  active s ites  in the reaction 
medium. A platinum to  phenylalanine ra t io  o f  1:1 to 1:3 is 
necessary to  produce rapid exchange o f  three o f the aromatic 
protons at 70°C '
The reaction temperature also a f fec ts  the rate o f  exchange 
o f  both aromatic and non-aromatic protons. I t  is  necessary to 
se lec t  a suitable reaction temperature at which only the 
aromatic protons would exchange at a signiflca.nt rate. The 
results in Table I I I ,  show that at 120°C there is s ign if ican t  
exchange o f  the non-aromatic protons. The extent o f  this 
exchange decreases at lower temperatures so that at 50° C and 
70°0 there is s t i l l  substantial deuterium incorporation in
Table I I Molar ra t io  o f  platinum catalyst to phenylalanine.
Peat . P iS t . Pe uterium P is t r ib u t io n
Pt / Phe molar r a t i o  • m/e P e n t . In o . 
(atom, fo)
m/ e Pou t . I n c . 
(atom '1)170 171 i 88 189 190 191 1 Q2 193
1:? 99 1 1 0 18 30 47 5
o
T :5 99 1 1 0 18 28 45 9 31
1:3 98 2 2 0 0 10 71 12 8 40
1 :1 99 1 1 0 0 10 57 11 11 40
—5 ■phenylalanine 6 x 10 moles; deuterium oxide 0.05 moles; 
time 1 day; temperature 70°C. ________________
Tnb1e IXT E ffec t  o f  temperature on rate o f  exchange o f  phenylalanine.
Deut.D iet . Be ut e r i  urn D is t r ib u t io n
Temoarature m/e Deut. I n c . m/e D e u t . In c .

























































pheny la lan ine  6 x 10~^ moles; platinara 6 x 10~^ moles; deuterium oxide 0.05 moles; 
t ime i  day.
Table  IY E f f e c t  o f  time on the extent o f  deuterium incorporation,-, in to  *o he ny la  la  nine
D e u t .D is t . Deuterium D is t r ib u t io n
Time m /ex t Eeut. I n c . 
(atom fo)
m/e D eu t . In c . 
(atom fo)170 171 188 189 190 191 192 193 194 195
'1 day 98 4 4 0 0 14 80 7 37
3 d ays 98 2 2 0 0 6 89 10 7 5 3 43
5 days 99 1 1 0 0 5 64 -11 9 6 5 46 ,
21 days 98 2 2 0 0 0 23 25 45 6 54
28 days 98 2 2 0 0 0 9 23 58 9 59
—S —Sphenyla lan ine 6 x 10 moles platinum 6 x 10 y moles; deuterium oxide 0.05 moles; 
temperature 50° 0 . _____________________ ________________________________________________________
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the aromatic ring but no s ign if ican t  exchange o f  the 
a l iphatic  protons. At temperatures greater than 70°C there 
is  increased deuterium incorporation in  the ortho positions 
and some exchange o f  the a l l y l i c  protons also takes place.
Table IV shows that the deuterium incorporation increases 
substantia lly  as the reaction is  allowed to  proceed fo r  a 
greater length o f  time. This increase is  found part icu lar ly  
in  the aromatic and a l l y l i c  protons.
Since i t  may be desirable to s e le c t iv e ly  deuterium label 
an aromatic amino acid residue in  a protein molecule i t  is  
important to establish whether other aromatic amino acids 
exchange under s im ilar conditions. For example tyrosine, 
which is- a para hydroxy substituted phenylalanine is  o f  
in terest as i t  is  a constituent o f  many proteins. The-effect 
o f  the para hydrox3̂ substituent in  tyrosine on the rate o f  
deuterium incorporation is  d i f f i c u l t  to assess because this 
substituent unfortunately e f fe c ts  the s o lu b i l i t y  o f  the 
amino acid.
The pivaldehyde ethyl ester der ivat ive  o f  tyrosine can 
not be gas chromatographed s a t is fa c to r i l y  and therefore the 
acety l  acetone ethyl ester (6) was prepared fo r  d irect mass 
soectrometric analysis v ia  the solid  probe in le t  system.
HO -  0Ho -  OH -  NH -  0 = OH ~ C 
2 l I It
OH.
C0002H5 OH. 03  ~ ( 6)
The amine fragment m/e 2'18 (M-* — 00002Hf-) produces a
prominent peak in  the spectrum and may be used to  assess the 
deuterium in co rp o ra t ion  in to  the molecule. Rupture o f  the 
0 ^ -  0/3 bond produces the m/e 1.07 peak ( C l ^ - ^ ^ - O i l  ) *  (7 )  
almost e x c lu s iv e ly  as homo l y t i c  c leavage o f  the 0^ ~ bond




CII -  C -  CH,
II 3 /
0
fragment at m/e 184
(8)
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which, although i t  i s  the predominant process in  the case 
o f  pheny la lan ine , does not occur because o f  the predominant 
formation  o f  the ion  at m/e 107 (7 ) .  The molecular ion , at 
m/e 291, i s  a lso  prominent in  the mass spectrum o f  
AOA -  L -  t y r  OEt, and th is  a llows one to  r e a d i l y  e s ta b l ish  
the t o t a l  deuterium incorpora t ion  in  the molecule. ' ~ ^
Table  V Deuterium incorpora t ion  in to  Tyrosine
Deut erium D is t r ib  ution
Time Temp. Gatalyst m/e Deut. I n c . 
(atom /£)218 219 220 221 222 22 2
1 day 70° G Pt 28 5 30 6 16 9 36
1 day 70° 0 Pd 54 5 27 8 18
1 day 70° G I r 29 4 28 7 14 11 38
ty ro s in e  5x 10 moles; ca ta ly s t  6 x 10 moles; 
deuterium oxide 0.05 moles.
P e u t . In c .  in  aromatic r in g  at equ il ib r ium  = 67̂ >
Table V shows that platinum and ir id ium  ca ta ly s ts  are 
again p re fe r red  over palladium as the is o la te d  ty ros in e  
contained s i g n i f i c a n t  amounts o f  d i -  and t e t r a -  deuterated 
spec ies .The  extent o f  the deuterium exchange was decreased 
markedly when a higher concentration o f  ty ro s in e  was used 
(Table  V and V I ) .  This- i s  because most o f  the ty ros in e  was 
not in  so lu t io n  at the higher concentration (O.SM) and 
th e r e fo r e  did not exchange w ith  deuterium. This i s  confirmed 
when the s o l u b i l i t y  o f  the ty ros in e  was increased , by 
r a i s in g  the pH o f  the reac t ion  mixture, the deuterium 
in co roo ra t ion  a lso  increased .
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Table  VI E f fec t ,  o f  s o l u b i l i t y  on deuterium in co rpo ra t ion  
_______ in to  t y r o s in e .  .
*
Deuterium D is t r ib u t io n
Time Temp pH m/e Deut.Inc.
2’18 219 220 221 222 223 (atom $)
1 day 70° C neu t. 63 10 6 8 11 3 15
2 days 70° 0 neu t. 52 10 8 12 Ü 6 20
2 days 70° C 3 48 11 i:2 -13 11 4 21
2 daj^s 70° G ‘10 . 49 8 11 13 14 4 21
2 days 70° C 12 42 8 11 16 16 5 25
t y r o s in e  5 x 10~^ moles; ca ta ly s t Pt 6 x 1.0 moles ;
deuterium oxide 0*05 moles ;
Deut. Inc .  in aromatic r in g  at equ il ib r ium  = 67$
I t  can be p red ic ted  that a para substituent should be
le s s  s t ro n g ly  chemisorbed on the ca ta ly s t  because the
tt -  e le c t r o n  cloud i s  d is to r t e d  and th e re fo re  the
rr -  e le c tron s  are less  f r e e  to  bond w ith  the c a ta ly s t .  The
adsorpt ion  process may be modified through a d d it ion a l
ch a rge - tran s fe r  in te ra c t ion s  o f  the substituent lone p a ir
4 Tw ith  the c a ta ly s t  su r face .  This has been shown to  be the 
case when para f lu o ro  phenylalanine was exchanged. (Table V I I )  
Table V I I  Deuterium exchange o f  para S iuoro Phenyla lanine
Deuterium D is t r ib u t io n
Sample m/e D eu t . In c . m/e Deut.Inc .
170 T7T (atom $) 205 207 208 209 2 TO (atom $)
A 99 I! 1. 96 4 0.5
B 97 3 3 10 21 27 28 13 30
Sample A : re fe rence
Sample B : Time 2 days; Temperature 70°C; 
platinum 6 x 1.0 "  moles;
. para f lu o ro  phenylalanine 6 x 1 0  m oles ; 
deuterium oxide 0.06 moles.
-5
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Conversely i f  a para substituent o f  low ionisation 
poten t ia l  (e .g .  para n itro )  was used (Table V I I I ) ,  
deuterium incorporation is  less because the molecule 
becomes so strongly chemisorbed that there is  a loss o f  
a c t i v i t y  on the catalyst surface and a disnlacement o f  the 
chemisorbed water, r
Table V I I I  Deuterium exchange o f  para Nitro "Phenjrlalanine
_ D e ut-e r i  urn ^ i  s t  r i  b ut i  0 n
Sample m/e Deut . Inc ,  
(atom /)
m/e Deut.Inc . 












Sample A : re ference
Sample B : time 3 days• temperature 70*C5
” —b
platinum 6 x 1.0  ̂ moles;
—Rpara n i t r o  phenylalanine 6 x 10 ' moles 
deuterium oxide 0.06 moles
The data in Tables V II  and V I I I  was obtained by converting 
the labelled para f luoro or para n itro  phenylalanine to  th e i r  
pivaldehyde ethyl ester der ivat ives  ( 9) . The amine fragments
CH-,
I 3
( X -  -  0H2 -  CH -  N = CH -  Ç -  CH^r and the ester1
CH.
3
fragments (MT -  X - (Ç )/ -  CIL,) yle- e used to  assess the pos it ion  
o f  the exchange.
«b CEL
! 3







X = NO,x  = F
a = n/e 20^ a = m/e 233
b = m/e 170 b = m/e 170
The aromatic amino acid t ryot on ha n is  also a common
constituent o f  proteins; i t s  structure contains the 
moeityi/
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Deuterium incorpora t ion  was studied via. the a c e tv l  acetone% — ' U
e th y l  e s te r  d e r iv a t i v e  (10) which was introduced d i r e c t l y  
in to  the mass spectrometer by way o f  the s o l id  probe in l e t  
svstem.o
-  0Ho -  CH -  NH -  0 = CH -  0 -  OH,
I I II 3
0000oH_ CH, 0 (10) ̂ y .3
Deuterium incorporat ion  in  the atomatic r in g  was 
determined by examining the species at m/e 130 ( -—-jj-OI^)
Since the molecular ion  s igna l  at m/e 314 was small no 
accurate .measurement o f  the t o t a l  deuterium untake could be
is 2
made. As is  the case f o r  ty ros in e ,  r " rupture o f  the 0^ -  0  ̂
bond does not produce the e s te r  fragment at m/e 184
(O H  -  1:TH -  0 = CH -  0 -  0HO+ because o f  the s t a b i l i t y  o f
\ i II 3 - - ”
cooc2h5 CĤ  0
the a l t e rn a t iv e  ion at m/e 130.
C t  '.'S ' "
__ f«TJo
+
Table IX- Deuterium exchange o f  Tryptophan
Time Temn. Deute r i  um Di s t  ri b ut i  on
m/e Dent. In o . 
(atom cy)130- 131 182 133 134 135
Hefernce 92 7 1 1
1 day o o o 17 3^ yz-j Q 1 18
1 davV o o
0 o 15 25 40 17 3 21
1 a oh1 •'V ioo°o 10 11 A *5 IS 1 ?1------—  zm _n
t  ryot on hen 5 x 10 ' moles; platinum f  x 10 moles;
deuterium oxide 0.00 moles ----
Deut.Inc . in aromatic rinn at e^uilibriurn = 71/
Table IX shows that there is  considerable exchange in  the 
aromatic r ing  o f  tryptophan.Substantia l exchange o f  two 
protons at 00°0 and o f  three protons at higher temperatures 
was found.Previous experiments in vo lv in g  tryptophan
24
Table  X
Deut e riunì exchange o f  Glycine
D eu te r ium Di s t  r i  b ution
Time Temp. m/e Deut. I n c . 
(atom fo)98 99 100 101
Reference 







Deuterium exchange o f  Alanine
D eu te r ium D ie t r i bution
Time Temp. m/e Deut . I n c . 
(atom /)112 113 114 115 11s
R e fe r enee 98 2 0.5
1 damt/ 70*0 36 8 6 5
1 d a vu 90°C ' 60 21 11 6 2 17
Deuterium exchange o f  leuc in e
Deuterium Dis t r i b u t i on
Time Temp, mA D eu t . In c .









•Glycine 1.1 x 10 ^ moles; alanine 0,97 x 10
° / i  _
leuc ine  0,70 x 10“  ‘ moles; platinum 6 x 10 
deuterium oxide 0.05 moles. '
-4 nmoles ;
5 moles ;
exchanged with t r i t ia t e d  t r i f lu o ro  acetic  acid have shown
, 4-Qthat a l l  f i v e  protons in the aromatic ring do exchange. '
I t  was also noted that only two or three o f  these exchanged 
deuterons are stable to  back exchange by protons' from a 
neutral aqueous system .^
The neutral "non-aromatic” amino acids have an a liphatic  
side chain and a number o f  these compounds were exchanged 
under conditions s im ilar to  those which produced deuterium 
incorporation into the aromatic amino acids.For analysis 
o f  the deuterium content, the pivaldehyde ethyl ester 




R -  CH -  N = CH -  C i « a i -  CH3
COOC2H5 ch3 0 1 )
G-lyci-ne Alanine Leucine
R = H
j-piO1!ft; R = CH. -  OH -  CHp
CH,
MÎ = m/e T7I MÎ = m/e 185 Ml = m/e 227
a ~ m/e 98 a = mi/ e 1 1 2 a = m/e t'54
Table X s hows t  hat t  he a l i  p ha't i  c protons o f  the neutral
amino acids exchange at a slower rate than do the protons • 
o f  the aromatic aai.no acids .These a liphatic  protons 
exchange by a c lass ica l  d issoc ia t ive  mechanism which requires 
a higher act ivat ion  energy than the t r  ~ electron complex 
mechanism.Alanine exchanged, at 90°C incorporates s ign if ican t 
amounts o f  deuterium in a number o f  positions o f  the 
a l iphat ic  side chain.. "
P ro l ine ,  which is an imino amino acid, does not form a 
pivaldehyde ethyl ester der ivat ive  .The deuterium. '
incorporation analyses were carried out on the acety l acetone 
ethyl ester  der iva t ive .  .̂12) , ,
-  CH,
[ c '~
OH -  COOCrHIr- M
Oil
CH,
wHa — vyjj-rs\ à i a
l2n -  C00C2H5
N







The M. s ignal,  at m/e 225, in  the mass spectrum of 
ACA -  L -  pro OEt is  prominent and may be used to assess the 
extent o f  the deuterium incorporation.
Table  XT Deuterium exchange of Proline ___
Deut e r ium D istr ibuti  on
Time Temp m/e Deut.Inc. 











—4. —S Pro l ine  0.87 x 10~ moles; platinum 6 x 10~  ̂ moles;
Deuterium oxide 0.05" moles.
Table XI shows that the deuterium exchange in proline 
follows the same pattern found in the neutral amino acids 
i . e .  the a liphatic  protons exchange very slowly.
Ornithine contains two amine groups and belongs to  the 
series o f  basic amino ac ids . To establish the degree o f 
deuterium incorporation, the labelled ornithine sample was 
converted to the pivaldehyde ethyl ester der ivat ive  (13) and 
in jected  into the C.L.C.-M.3. system.
CEL . CEL
1 3 , . I 3
OH -  C -  CH = N -  (CH J  -  CH -  N = CH -  C -  CKL 
3 i ■ ' 23 l 1 3
CH3 COOC2H5 CH3 (13)
I ts  mass spectrum showed an amine fragment (Mt -  C00C2H^)
at m/e 223 which was used to assess the deuterium 
incorporation into the molecule. (Table X I I )
Table X II  Deuterium.exchange o f Ornithine .
Deuterium Distribution
Time Temp m/e Deut.Inc.
223 224 225 226 227 (atom c/o)
Reference 97 3 . . 0.5
2 days 70*C 94 6 1
m m , l  mm  l " )
Ornithine 0.71 x 10 moles; platinum 6 x 1.0 moles 
Deuterium oxide 0.05 moles. _____
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As e x p e c t e d ,  d eu te r iu m  I n c o r p o r a t i o n  was low due t o  th e  
absen ce  o f  a ro m a t ic  p ro to n s  i n  the  m o le c u le .  .
Histidine is  also o f interest as i t s  side chain contains 
an imidazole ring (̂ ij B). For i t s  mass soectrometric 
analysis the acety l acetone ethyl ester der ivat ive  (14) 
proved to  be most convenient. The mass spectrum o f the 
acety l acetone ethyl ester showed a prominent M't s ignal at 
m/e 265 which could be used to assess the to ta l  deuterium 
incorporation into the molecule.
U,-------1 -
/
,r-CH2 -  CH -  NH G = GH -  C -  CII-j
i ii 3
‘Nil COOC2H5 GH. 0 (14)
In addition rupture o f  the -  bond resulted in two 
d i f fe ren t  ions; ( N.----- rj -  CH2 ) + m/e 81 and the ester
fragment at m/e 184 ' ( CH -  NH -  C = GH ~ 0 -  CĤ  ) ', which
g o o g 2h 5 g h 3 0
yielded the deuterium incorporation into the aromatic ring
' 4 2(m/e 81) and the a liphatic  proton (m/e 184).
. T a b l e  X I I I  Deu te r ium  exchange o f  H i s t i d i n e
Deut.Diet. Deut.Dist.
Time Temp m/e Deut. Inc . 
(atom io)
m/e Deut♦In c . 
(atom fe)—A 00 -e* .185 81 82 83 84
Reference 













-A - -5Histid ine 0.64 x 10 . moles.; platinum 6 x 10 /moles; . 
deuterium oxide 0.05 moles. .. ...
The r e s u l t s  i n  T a b le  X I I I  show th a t  s u b s t a n t i a l  exchange  
o ccu rs  i n  th e  a ro m a t ic  r i n g  w h i l e  th e  a l i p h a t i c  p r o t o n  
rem ains  untouched under th e  r e a c t i o n  c o n d i t i o n s .
The dipeptides are the simplest "protein" model compounds 
available  which allow one to study the s t a b i l i t y  o f  the 
peptide bond under the above reaction conditions. They are 
also o f  value when assessing the extent o f  deuterium
2 8
i n c o r p o r a t i o n  i n t o  an a rom at ic  amino a c id  i n  th e  p re s e n c e  
o f  a n e u t r a l  o r  ha.sic amino a c i d . F o r  our  s tu d y  th e  movSt 
c o n v e n ien t  model compounds were  p h e n y l a l a n in e  d i p e p t i d e s  
b u t  t y r o s i n e  and t r y p to p h a n  c o n t a in in g  p e p t id e s  have been  
exam ined .
The s t a b i l i t y  o f  the  p e p t id e  bond under  th e  c a t a l y t i c  
l a b e l l i n g  c o n d i t i o n s  was most r e a d i l y  examined by  ru n n in g  
th e  r e a c t i o n  m ix tu re  on T . L . C .  and v i s u a l i s i n g  th e  p ro d u c t s  
by- s p r a y in g  w i t h  n in h y d r in  t o  p roduce  a b lu e  sp o t  f o r  b o th  
p e p t i d e s  and any l i b e r a t e d  amino a c i d s .  I n  a l l  th e  d i p e p t i d e s  
s t u d i e d  the  p e p t id e  bond was found t o  be s t a b l e  under  th e  
e xc hange r e a c t i o n  c ond i t  i  o n s .
The p o s i t i o n  and e x te n t  o f  d eu te r ium  i n c o r p o r a t i o n  i n t o  
th e  p h e n y l a l a n in e  p e p t id e s  was most c o n v e n ie n t ly  examined  
b y  h y d r o ly s in g  the  p e p t id e  in  8N HOI and c o n v e r t in g  the  
l i b e r a t e d  amino a c id s  t o  t h e i r  p iv a ld e h y d e  e t h y l  e s t e r  
d e r i v a t i v e s .  A f t e r  G-.L.C. the  components were  examined  
s e p a r a t e l y  by  mass s p e c t r o s c o p y .  I n  th e  case  o f  t y r o s i n e  
and t r y p to p h a n  c o n t a in in g  p e p t i d e s  the  d e u t e r a t e d  s p e c i e s  
w ere  co n v e r te d  d i r e c t l y  t o  t h e i r  acety l ,  a ce tone  e t h y l  e s t e r  
d e r i v a t i v e s  and th e s e  were  examined d i r e c t l y  by mass 
s p e c t r o s c o p y .
. «
G ly c 3rl  -  L -  p h e n y l a l a n in e  i s  th e  s im p le s t  phem/d-alanine
d i p e p t i d e  and th e  r a t e ' o f  d eu te r iu m  i n c o r p o r a t i o n  was found  
t o  be s i m i l a r  t o  th a t  o f  p h e n y l a l a n i n e • The p re s e n c e  o f  the  
g l y e y l  r e s i d u e  does  not h in d e r  the  c h e m is o rp t io n  o f  the  
a ro m a t ic  r i n g  o f  g l y  -  L -  phe t o  the  c a t a l y s t ,  as th e  r a t e  
o f  exchange was r o u g h ly  en u a l  t o  th a t  o f  p h e n y l a l a n i n e .
The l a b e l l e d  d i p e p t i d e  was r e a d i l y  Irydro lysed  and the  
e x t e n t  o f  d eu te r iu m  exchange was d e t e r m in e d ' f r o m  the  mass 
s p e c t r a  o f  the  components;  p i v  -  g l y  OFt and p i v  -  phe O E t . 
I n c o r p o r a t i o n  o f  d e u te r iu m  in t o  th e  a ro m a t ic  r i n g  o f  
p h e n y l a l a n in e  was e s t im a te d  from the  amine fragm ent (m/e 188)
Table XIV
Deuterium exchange o f  the phenvlalanyl residue o f G-lycyl -  1 -  Phenylalanine
Deut , D i s t . D euter ium  D i s t r i b u t i o n  ■
Time T e mo . TV./  0 D e u t . I n c • m/e D e u t . I n c  *
170 171 (atom  fo) 188 189 190 19-1 1Q2 193 1Q4 195 198 (atom f )
12 hrs B59C 98 2 2 3 5 7 66 13 4 2 '38
17 hrs 85°C 98 2 2 5 4 14 64 9 2 1 35
21 hrs 85*0 96 4 '4 1 1 10 39 19 22 5 1 1 47
2 l e v s 70° 0 a q , 1 1 3 10 13 66 7 1 33
3 flays 70 'C 98 2 .2 . 2 9 12 65 10 2- 35
6 days 70*0 O R 5- 5 3 6 12 66 8 4 1 7 6■ '
4 days oo
©
O 99 1 1 i 61 18 11 10 _________ 9 9
y l y  -  T -  phe 0 .4 5  -c 10~4 m o le s ;  p la t in u m  6 X 10 5 m o le s ;  d eu te r ium  o x id e  0 .05 m o les .
3 0
and the  exchange o f  the  n o n -a ro m a t ic  p r o t o n  was de te rm ined  
f rom  the  e s t e r  f ragm ent (m/e 1 7 0 ) .  D eu te r iu m  i n c o r p o r a t i o n  
i n t o  g l y c i n e  was e s t im a te d  from  the  amine fragm ent (m/e 9 8 ) .
T a b l e  X IV  shows th a t  the  a ro m a t ic  p ro to n s  exchange  r a p i d l y  
i n  t h r e e  p o s i t i o n s  at 7 0 °G o r  a b o v e .  At 38°C th e  r a t e  o f  
exchange  o f  the  a ro m a t ic  p ro to n s  i s  v e r y  much s l o w e r .  The 
n o n -a ro m a t ic  p r o t o n  o f  p h e n y la l a n in e  co n ta in ed  i n  the  
m/e 170 fragm ent does  not show d eu te r iu m  i n c o r p o r a t i o n  
even  at  85 °C .  .
The a l i p h a t i c  p ro to n s  o f  g l y c in e  exchange s i g n i f i c a n t l y  
at  85°G but  the  r a t e  o f  exchange was v e r y  much s l o w e r  a t  70°G  
and n e g l i g i b l e  at  38°C (T a b l e  X V ) .
T a b l e  XV- D eu te r iu m  exchange o f  th e  g l y c y l  r e s i d u e  o f
G-lycy l -  1 -  P h e n y l a l a n i n e .
Deuterium Distribution
----------------------------------
Time Temp m/e Deut.Inc .
98 99 100 101 102 (atom /)
12 hrs 85°0 86 12 2 8
17 hrs 85'C 85 13 2 8
21 hrs 85'C 80 T6 4 12
2 days 70°C 95 4 1 3
3 days 70*0 90 8 2 6
6 days 70° G 80 16 4 12
4 days 38'C 95 4 ' - 2
g ly  -  L -  phe 0.45 x 10 ^ moles; platinum 
deute r i urn oxide 0.05 mo1es c
5 x 10 moles ;
I n  o r d e r  to  de te rm ine  i f  back  exchange  o f  the  in c o r p o r a t e d  
d e u te r iu m  atoms occu rred  under the  h y d r o l y s i s  c o n d i t i o n s  a 
g l y  -  Is -  phe sam ple  (exchanged  at  70°G f o r  2 d a y s )  was 
a n a ly s e d  v i a  th e  a c e t y l  ace tone  e t h y l  e s t e r  d e r i v a t i v e  t o  
a v o id  th e  n e c e s s i t y  o f  h y d r o ly s in g  the  d i p e p t i d e .  The amount 
o f  d e u te r iu m  in c o r p o r a t e d  i n  th e  a ro m a t ic  r i n g  was a s s e s s e d  
f rom  th e  m/e 91 peak  and was found t o  be c o n s i s t e n t  w i t h  the
Table XVI Deuterium exchange o f  the phenylalanyl residue of
L -  Alanyl -  L -  Phenylalanine
D e u t . D i s t .  D euter ium  D i s t r i b u t i o n
Time Temp . m/e D e u t . I n c . 
(atom fo)
m/e D e u t . I n c . 
(atom fo )¡70 171 188 189 190 191 192 193 194 195 196
1 day
2 d a vsO'-
6 days
70* C 






































1  -  ai­
de ut e r
^ - 4  - 5  
a -  L -  phe 0 . 4 2  x 1 0  ' m oles ;  p la t in u m  6 x 10  ' m oles ;
ium o x id e  0 .0 5  moles
T a b le  X V I I  D eu ter ium  exchange o f  the  a l a n y l  r e s i d u e  o f
1 -  A l a n y l  -  1 -  P h e n y l a l a n in e
. D e u t e r i u m  D i s t r i b u t i o n
m 1 T^e T e  mp . ■ m /e D e u t . I n c . 
( a t o m .  °/o)1 1 9 1 1 3 1 1 4 1 1 5 1 1 61 d a v2  d a y s  6  d a y s
7 0  °C  
7 0  * 0  
7 0  ° 0
8 78 8  4 7
Q71 9





L  -  a l a  -  1  -  p h e  0 . 4 2  x  1 0  m o l e s ;
p l a t i n u m  6  x  1 0  m o l e s ;  d e u t e r i u m  o x i d e  0 . 0 5  m o l e s .
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value determined from the pivaldehyde ethyl ester der iva t ive  
o f  the hydrolysed molecule (percentage deuterium .
incorporation 33/0 •
Labell ing experiments with L -  alanyl -  L -  phenylalanine 
para lle led  the results obtained with g ly  -  L -  phe. The mass 
spectrometric analysis o f  L -  ala -  L -  phe was carried out 
on the pivaldehyde ethyl ester der ivat ives  o f  the amino acids 
l iberated by hydrolysis o f  the dipeptide. The deuterium 
incorporation into the a l iphatic  protons o f  alanine was 
determined from the amine fragment at m/e 112.
CH.
I  ̂ .
( CH3 -  CH -  N=£H-C -  0H3 ) +
oh3
Table XVI shows that there is  almost complete exchange 
o f  three aromatic protons a f te r  one day at 70#0. The 
deuterium exchange o f  the non-aromatic proton o f 
phenylalanine, as determined from the m/e 170 s ignal,  was 
n eg l ig ib le  even a f te r  s ix  dajrs. This proton was situated 
near the centre o f  the molecule and therefore  chemisorption 
was severe ly  s t e r i e a l l y  hindered.
The rate o f  exchange o f  the a l iphatic  protons o f  alanine 
was much slower than the exchange o f  the aromatic protons 
in  phenylalanine (Table XVII ) ,  but the extent o f  deuterium 
incorporation into the alanyl residue was somewhat enhanced 
when compared with g ly  -  L -  phe.
A study o f  L -  p r o l y l ' -  L -  phenylalanine under these 
conditions is  o f  in terest  as the imino ring may prevent 
chemisorption o f  the peptide due to s te r ic  hinderanee. 
Unfortunately the dipeptide is  only sparingly soluble in  the 
reaction medium and the results may be influenced by this 
f a c t .
Since proline does not form a pivaldehyde ethyl ester 
der iva t ive  i t  was necessary to examine the acetyl acetone
Table XVIII Deuterium exchange o f I> -  P ro ly l  -  L -  Phenylalanine
D e u t * D i s t  * Deuteriurn D i s t  r i h u t i o n
Time Temp m/e D e u t . I n c . 
(atom f>)
m/e D e u t . I n c . 
(atom fo)'152 153 372 373 374 375 376 377
R e fe re n c e  












0 31 22 10
0.5
15
—4 — S * 
L -  p ro  -  L -  phe 0*38 x  10~ ' m o le s ;  p la t in u m  6 x .10“ ' m o le s ;
d e u te r iu m  o x id e  0*05 m o le s .  ...
Table XIX Deuterium exchange o f  G-lycyl -  L -  Tr3rptophan
Deut.Dist. Deuterium Distribution
Time Temp . m/e Deut.Inc. 
(atom /)
m/e Deut.Inc. 
(atom f>)242 243 244 130 131 1.32 133 134 135
Refe re nee 90 4 6 5 92 8 1
1 day 70 *0 78 13 Q> 10 2! 38 40 1 17
3 days 70*C 76 T5 9 i :t 16 40 30 8 3 3 17
6 days 70*C 74 f  8 8 n: 13 32 26 21 9 26
4 d ays 38*0 94 4 2 3 89 11 2
' _ —4- -5g l y -  L -  t r y  0*38 x 10 moles; platinum 6 x 10 moles;
deuterium oxide 0,05 moles*______________________________  .___
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ethy l es ter  der iva t ive  o f  the dipeptide fo r  d irec t  mass 
spectrometric analysis. I t s  mass spectrum shows a prominent 
molecular ion l i t  (m/e 3 7 2 ) which may be used to  assess the 
t o t a l  deuterium incorporation into  the molecule and a major 





>HH -  C = CH -  C -  CH
/  I II
CH2 CH 0
\ +) which was used to
assess the extent o f  deuterium incorporation in to  the 
a l ipha t ic  amino acid residue. .
Table XVIII  shows that there is  substantial incorporation 
in to  three positions o f  the molecule. The exchange pattern 
o f  the m/e 152 peak indicated that there was very l i t t l e  
incorporation into the p ro ly l  residue. The large amount o f  
undeuterated dipeptide in  the product is  due to  the reduced 
s o lu b i l i t y  o f  the peptide in  the reaction medium.
G-lycyl -  L -  tryptophan was used to assess the e f f e c t  o f  
an a l iphat ic  residue on the deuterium incorporation into 
tryptophan. The acety l acetone ethyl ester  der iva t ive  (15) 
o f  g ly  -  L -  t r y  was used fo r  mass spectrometric analysis.
CH-* -  C -  CH = C -  im
J II I
0 CĤ
0Ho -  C -  NH -  CH -  CH0 -
 ̂ H i ^
o C00CoH-2 5 NH (15)
The mass spectrum o f  ACA -  g ly  -  L -  t r y  OEt showed two 
fragments which were o f  value fo r  assessing the deuterium 
incorporation in to  various parts o f  the molecule. The 
m/e 130 fragment (CH2 - a----[ f ^  ) + is  ty p ica l  o f  any
tryptophan compound and was used to  determine the extent o f  
deuterium incorporation into the aromatic protons. Homolytic 
cleavage o f  the -  0# bond, which is  accompanied by 
incorporation o f  an extra hydrogen atom,.produced the second
Table XX -Dent e r i  um exchange of L -  Tryptophyl -  L -  Leu eine
De ut J) i  ñ t . Deuterium Dietro* button
Time Temp. Vi/ 0 Deut, In c . 
(atom m)
m/e Deut. In c . 
(atom /o)9 OP; 099
ioore 130 IBI 133 133 1 34
7 dams 70* 0 89 7 4 orC 11 30 41 10 00 01
— A. _u
j.t — t r y  — Ji — leu. 0.34 x 10 ' moles; ■platinum O x 10 moles; 
cl eut e r i  um o x i  d e O. O O m o 1 e s *
Tal le DICI Deuterium exchange o f  G-lycj/'l -  L -  Tyrosine
■ D e u t . Dis t . De ut e r i  um Di. s t r ib  ut i  on
Ti  me Temp. m/e D eu t. Inc . m/ e Deut.Inc
242 343 244 (atom cfo) 107 108 109 110 111 113 113 (atom %)
Refe r 0 nee 08 2
cc•0 on 5 / 2
d ays 70*0 8o 11 4., 1? 20 28 18 15 33
7 days 70*0 70 21 q 13 8 8 18 83 37 10 3 - 48
_/!. -R
y ly  -  L -  t y r  0.41 x 10 ' moles; platinum O x  10 moles;
d eut e r i  um oxi.d e 0.05 moles .
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fragment at m/e 242
( CH, -  C -  CH = C -  1® -  CH0 -  C -  NH -  0Ho ) +3 II i ¿ 1 1  i 2
0 CH, 0 GOOOpH,.
T h is  fragment was used to  a s s e s s  the deu ter ium  exchange o f  
th e  a l i p h a t i c  p ro to n s .
S u b s t a n t i a l  exchange occurred  i n  at l e a s t  two p o s i t i o n s  
o f  the  arom atic  r i n g  at 70 °C, a l th o u gh  l i t t l e  exchange was 
found at 38 °G (T a b le  X I X ) . The a l i p h a t i c  p ro tons  exchanged  
v e r y  s l o w ly  at bo th  te m p e ra tu re s .  -
L -  T ry p to p h v l  -  L -  l e u c in e  was used as a model compound 
t o  show the e f f e c t  o f  a l a r g e  a l i p h a t i c  s id e  cha in  on the  
r a t e  o f  exchange. The p ep t id e  was converted  t o  AGA -  L -  t r y  
~ L -  l e u  OHt f o r  mass sp e c t r o m e t r ic  deuter ium  a n a l y s i s  and 
the  f r a gm en ta t io n  p a t t e r n  o f  t h i s  compound was found t o  be  
s i m i l a r  to  th a t  o f  g l y  -  L -  t r y .  The m/e 130 fragment was 
a g a in  used to  a s s e s s  the  deuter ium  in c o r p o r a t i o n  i n t o  the  
arom at ic  r i n g  and the fragment io n  at m/e 098,
CH^
( CH, -  C -  CH = C -  NH -  0Ho -  C -  NH -  CH -  OH -  CH, ) +3 l| I 2 II I 3
0 CH, 0 COOCgH-
was used to  determ ine  the amount o f  exchange in  the  
a l i p h a t i c  p ro to n s .
As found p r e v i o u s l y  th e re  was s u b s t a n t i a l  exchange o f  two  
'a rom at ic  p ro tons  w i t h  no s i g n i f i c a n t  exchange o f  the a l i p h a t i c  
p ro tons  at 70*C. (T a b le  XX) .
G-lycyl -  L -  t y r o s i n e  was used as a model compound to  
i n v e s t i g a t e  the e f f e c t  o f  a g l y c y l  r e s id u e  on the deu te r ium  
i n c o r p o r a t i o n  o f  t y r o s i n e .  For a n a l y s i s ,  the  a c e t y l  acetone  
e t h y l  e s t e r  (16 )  was p r e p a re d .  __
CH*. -  0 -  CH = 0 -  C?I0 -  0 -  m  -  CH -  GH9 -  ( O )  -  OH3 n i 2 ii i 2 \^y
0 CH. o C000oTT
3 2 5 (1 6 )
Table XXII • Deuterium exchange o f L — Tyros y 1 — Glycine
Deut.Di.et. Deuterium D is tr ibu t ion
Ti me Temp. m / e D eu t . In c . n /f Deut.Inc
240 243 244 (atom X) 107 108 109 110 111 112 113 (atom p )
Re to rniiofi 90 4 1 92 oO 1
7 days 70° 0 02 2 9 8 18 8 7 '18 24 2? 11 7
r— r>9 r.
_,i - 9
L -  t y r  -  s l y  0.41 x 10 ‘ noies ; platinum 6 x 10 " moles 
d e ut e r i  urn. o x i cl e 0 » 0 5 moles
Table X X II I  • Deuterium exchange o f  L -  Tyrosy l  -  L — Alanine
D eu t .D ie t . Douter i um Di st r ib u t io n
Time Temp. m / e Deut. I n c . 
(atom D)
m / e *Deut. Inc 
(atom a)200 0^7 2 88 107 108 iso 110 111 112 113
] i e f  e r  e n e e 00 9 1 93 7 1
1 flrnr 70 ”0 04 7 1 8 11 21 31 19 8 0 A 7
3 days 70°C 09 o 1 } 7 33 20 21 ni 3 49
7 dnyR 70 °0 77 17 7 0 4 0 21 24 24 10 0----- ;
r* rm v-̂
-A -9j j i _ t v r  -  D ala 0.38 x 10 ‘ moles; platinum 0 x 10 moles; 
deuterium oxide 0.08 moles.
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T he do^inr'pt fragment in  the mass spec t  t u t u  c f  AO A — & l.v  
-  L -  t y r  OEt was found at m/e 10? (GH? -  <̂ q \  -  0H) +
and from th is  peak the extent o f  deuterium incorporat ion  
i n t o  the aromatic rinr* mas assessed. The s igna l at m/e 2A2







HH -  OIL )
0000pH
mas produced by  hom olytic  c le a v a g e  o f  the 0^ -  Cg bond,  
accompanied by the  uptake o f  an a d d i t i o n a l  hydromen atom 
and mas used t o  a s s e s s  the deuter ium  exchange o f  the  
a l i p h a t i c  p ro to n s .
No s i g n i f i c a n t  exchange o f  the  a l i t )  hat i c  c ro to n s  by  
deute r ium  mas found when the r e a c t i o n  mas a l lo w ed  t o  p roceed  
f o r  3 days at 70 °C a l th o u gh  c o n s id e r a b l e  deuter ium  exchange  
o f  the  a l i p h a t i c  and a l l y l i e  p ro tons  d id  occur when seven  
days mere a l low ed  f o r  th e  r e a c t i o n .  E x te n s iv e  exchange o f  
th e  f o u r  a rom at ic  p ro to n s  mas a l s o  observed  at 70°0  
(T a b l e  X X I ) .
The deu te r ium  exchange o f  L -  t y r o s y l  -  g l y c in e  mas a l s o  
s t u d i e d .  The mass spectrum  o f  ACA -  L -  t y r  -  g l y  OEt (1 7 )  
mas used to  determ ine  the ex ten t  o f  deuter ium  in c o r p o r a t i o n  
and a l th o u g h  i t  d i f f e r e d  from the mass spectrum o f  ACA — 
g l y  -  L — t y r  OEt, the fragments at m/e 107 and m/e 2 A? 
were  s t i  11 o r e s e n t .
CH_ ~ C -  OH = 0 -
3 I! |
0 CH
-  CH -  0 -  NH -  Clip - .  COOCpHp.i
CH, 0
OH ____
T a b le  XX II  shows th a t  the  r a t e  o f  exchange in
( 1 7 )
1j VP V 1 ITV.-» "%J
i s  s i m i l a r  to  the r a t e  o f  exchange o f  g l y  — L t y r  
(T a b l e  XXI) and so the  arrangement o f  the amino a c id s  i n  
the  p ep t id e  has no e f f e c t  on the  r a t e  o f  deuter ium  exchange .
E1 -  
o  =













C -  CH -  Rp
(19) UJvo
The extent o f  deuterium incorporation in L -  ty rosy l -  L —
alanine was similar to that found in L -  ty r  -  s ly» The mass
spectrum o f  AOA -  1 -  ty r  — L -  ala OEt showed an ion at
m/e 107 from which the extent o f  deuterium incorporation in
the aromatic ring was determined. A signal at m/e 2fb
( CH, -  0 -  CH = C -  M  -  CH0 -  C -  MH -  CH -  G00G9Ĥ  ) +v 3 U I 2 II I 2 a
0 CH3 * 0 CH3
which was due to homolytic cleavage o f  the -  0̂  bond- 
followed by a hydrogen atom uptake, yielded the extent o f  
the a liohatic  proton exchange.
Substantial exchange o f the aromatic protons occurred 
rapidly at 70°C (Table X X II I ) .  Exchange o f the a H y l i c  cond 
other «aliphatic protons becomes s ign if icant only when the 
reaction was allowed to oroceed for  at least seven days.
Other suitable model compounds for  this study are the 
cyclo dipeptides which can be considered as being formed by 
internal condensation o f two amino acids to produce a cyc l ic  
compound. This rinm svstem, containing two nitrogen atoms in 
the 1,3 positions is  known as azine, so these compounds are 
derivat ives o f 2,4 diketoazine and are also referred to as 
diketopiperazines. The cyclo dipeptides are su f f ic ien t ly  
v o la t i l e  under reduced pressure to be examined d ir e c t ly  by 
mass spectrometry. The mass spectra o f these compounds 
contain fragments formed by rupture o f the 0*, -  O0 bonds.
The characteristic  ions (18) and (19) ( f igure 7) allov.' the 
deuterium incorporation into the side chains to be estimacect.
Most cyclo dipeptides also contain a fragment at m/e 113 
' oh -  o = 0 ] f which may be used to determine the
1 2 iNil NH
i t
0 = 0 -  OH
deuterium incorporation into the diketopiperazine ring.
Oyclo — I) -  nhenylalanyl — L -  phenylalanine was 
exchanged under the reaction conditions used previously.
This compound contained two aromatic side chains and two 
a l iphatic  protons are found in  the diketopiperazine ring.
Table MÜL Deuterium exchange of cyclo -  D -  Phenylalanyl -  L -  Phenylalanine
D e u t e r i u m  D i s t r i b u t i o n D e u t e r i u m  D i s t r i b u t i o n
T i m e  . T e m p . C a t a l y s t m/ e D e u t . I n c . m/e . D e u t . I n c .
91 92 93 94 95 % 9 7 98 pQ . ( a t o m  $ ) 203 20 4 ?05 2 0 4 ? 0 7 908 ?OQ 9 1 0 ( a t o m  y)
R e f e r e n c e Q 6 4 0 . 5 93 7 0 . 6
1 d a y  7 0 *  C P t  , 21 14 12 14 0J 12 1 1 5 1 36 29 13 12 1 1 10 1 1 9 ’ 4 ' 2 8
1 d ä y  7 0 ' C I r o . 14 11 6 6 1 1 61 28 1 1 6
'4 d a y s  3 8 * 0 P t A Qi . 20 13 10 9 12
2 1  d a y s  3 8 * 0 P t ( 3 7 1 8 13 12 8 8 3 1 9
c y c l o  -  D  -  p h e n y l a l a n y l  -
TJLj - p h e n y l a l a n i n e ' 6 x  1 0 ” 5 molevS;  c a t a l y s t  5 ?i 1 0 “
r*
m o l e s
d e u t e r i u m  o x i d e  0 . 0 5  m o l e s . . •
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Th.e extent o f  deuterium incorporation into the aromatic 
rings was assessed from the sianal at m/e 91' ( Clip ~ { 0 }  ). 
or from, the s ignal at m/e 203 ( hi -  -  CHp). Comparison
o f  the exchange patterns obtained from these two signals 
also gives an indication o f. the  extent o f  deuterium 
incorporation into the diketopiperazine ring. This is  
important as in  th is case the* ion at m/e 113 .is o f  low 
intensity«,
Table XXIV shows platinum to be the more e f f e c t iv e  
cata lyst at 70° 0 . The rate o f  exchange was decreased markedly 
when the reaction temperature was lowered to 38°C although 
substantial exchange did occur when the reaction was allowed 
to  proceed fo r  21 days..The greatest deuterium exchange 
occurred in the aromatic and a l l y l i c  protons ( up to  seven 
protons exchanged) . In cjrclo--  D -  phe -  L -  phe the aromatic 
rings are coplanar and may he chemisorbed simultaneously 
thereby increasing the strength o f  the chemisorption. When 
th is  occurs, the diketopiperazine ring is  held above the 
cata lyst surface and so exchange o f  i t 1s protons cannot take 
place.
Gyclo -  L -  leucyl -  D -  phenylalanine contains an 
a l iphat ic  ( R̂  = OĤ  -  Oil -  Clip - )  and an aromatic 3icte chain
' ch3
( = Clip -  ( p y  ) attached to the diketopiperazine rina:. The
extent o f  the deuterium incorporation into the various parts 
o f  the molecule may be determined from, the fragment ions;..
m/e 91 m/e 1 1 3 m/e 169
ATTGrip CHn -  I ^ —
o
 it o c h 3 1
-0
\—
1 I OH ~ 
l
C = 0 
!
m Nil CH^ NT-I1 Nil1
0
i 4.
CH _  . 0  =
1
a - CH +
T a b le  XXV shows t h a t  p la tin u m , was th e more se'L e c t iv e
cata lyst and the exchange o f  the aromatic protons was almost 
to  eouilibrium at 70°G. Comparison o f  the exchange
\Table XXV Deuterium exchange of cyclo -  L -  Leucyl -  D -  Phenylalanine
Deu t e r i um D is t  r ib  u t io n D eu teriu m  D is t r ib u t io n D e u t .D is t .
Tim e Temp. 'C a ta ly s t m/ei D e u t . In c . m/e D e u t . In c . m/e D e u t . In c .
01 QP 93 94 QR op 97 °8 (?.t OH '/») 11.3 114 ‘ 115 115 117 118 (a tom 150 170 17 1 (a tom  $ )
Rej?e re n c ( on 0 1 2 07 3 1 98 2 1 •
1 day 70*0 p t 20 7 1 30 20 11 6 n 45 90 10 3 oo ■-O 9 7 1
1 day 70*0 I r 80 15 5 ■ 4 37 37 17 f 4 34 45 35 21 £V




«01 X 10“ '̂  moles’ 5 c a t a ly s t  f x  1 0 "5 m o le s ; d eu te r iu m  o x id e  0 . n5 moles ♦
u>
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patterns o f  the m/e ;11’3 and m/e 169 fragments indicates that 
incorporation had occurred in  the diketopiperazine ring but 
not in  the a l iphat ic  side chain. The iridium catalyst 
appeared to enhance incorporation in  the diketopiperazine 
r ing in  preference to e ither  the aromatic or a l iphat ic  side 
chains.
The mass spectrum o f  cyclo -  L -  tryptophyl -  L
(20) is  also simple to in terpret as i t  contains the 
character is t ic  tryptophan fragment at m/e 130 
( C1I0 -  n-----) + es i t s  base peak.c o
The a lternat ive  cleavage o f  the -  0a bond is  not
and the signal at m/e 127
a
CEL -  CH ~ C = 0
3 i im m
\ i




o f  very
mm .
low abundance. The t o t a l  deuterium incorporation in to  the 
molecule was determined from the molecular ion peak at
m/e 257.
CH, -  CH -  C = 0 
3 i i
HH M
0 = C -  CH -  CH2
( 20)
Table XXVI shows that platinum was again the best 
cata lyst producing substantial exchange o f four aromatic 
protons at 70°C. The exchange o f  the aromatic protons was 
very much slower at 38° C with s i g n i f i c a n t .incorporation 
only a f t e r  2.1 days. •
The simplest tyrosine' cyclo dipeptide is  cyclo ~ g ly c y l  -  
L -  tyros ine . In th is  case greater deuterium incorporation 
was found than in  the c lose ly  re lated g ly c y l  -  L -  tyrosine. 
The mass spectrum o f  the compound contains three signals 
which could be used to determine the pos it ion  and extent o f  
the deuterium incorporation. The deuterium exchange o f  the
gable XXVI Deuterium exchange of cycle' -  Iryp tophyl -  L -  A lanine.
Deuterium Disi; rib1it ion Deuterium Dietribution
Time Terno. Catalyst*m V m/e Deut.Inc. m/e Deut.Inc.
130 131 132 133 134 135 136 (atom f o ) ?57 ??8 ?59 240 261 2 £2 263 (atom #)
Reference 95 c;s 0 . 7 97 3 • 0 . 3
1 day 70aC Pt\j 33 1 2 7 53 3 32 30 4 3 7 47 6 3 21
3 days 70°C Pt 0 3 11 34 39 8 3 43 0 7 15 39 24 14 27
1 day 70#G Ir 34 >37 20 8 1 15 22 34 20 17 7 13 ■
4 days 38*C Pt 85 3 a 8 2 5
21 days 3/3*0 Pt 5* 8 9 1b 13 4 21 •____ l __s
cycle - L -  try  - L -  ala 0.39 x 10^ moles; catalyst -86 x 10 ' moles; deuterium oxide 0. 08 moles.
VJl
Table W i l l Deuteriibn exchange of cyclo -  G-lycyl -  L -  Tyrosine..
Deuteri urn Dietri b ut ion Deut.Dist.. : r\ - Deuterium Dis trib u tion
Sample m/e Deut,Inc. . m/ei . Deut ,Inc ., m/e Deut. Inc.
220 221 222 223 224 225 226 227 228 (atom i<>) 114 115 116 117 118 (atom i ) ,107 108 109 110 1 1 1 1 1 2 113 (atom i )
A 91 9 0.7 95 5 1 . 97 . 3 0 .4
B 3 7 19 31 23 12 ■3 2 27 67 27 6 10 3 R 29 38 19 5 2 41
G 0 0 0 11 17 24 23 16 9 4 5 12 32 34 17 5 38 5 3 6 24 31 17 Ry 54
T) 16 26 28 19 12 | 19 6 14 32 31 19 62 49 35 13 3 0* 10
E 87 13 3 51 16 26 3 2 2 16
cyclo •- gly - L - tyr 0.41 x 10“4 moles; catalyet 6 c 'x 10 moles; deuterium oxide 0.05  moles.
Sample Ai. reference
3 B Kf  0, 1 day, platinum catalyst
G 70" C, 3 days, pla.ti num catalyst
D 70" C, 1 day, iridium catalyst
E J CO • 0 4 days, platinum catalyst.
Table mm Deuterium exchange of cyclo -  L -  Tyrosyl -  L -  V eline,
Deut.Dist. Deut.Dist, Deuterium Distribution


















































Time 1 day; temperature 70#C; cyclo -  L -  tyr -  D -  val 0.34 x 10~4 moles;
r*catalyst 6 x 10 moles.; deuterium oxide 0.05 moles.
Tob 1e XXIX Deuterium exchange of cyclo' - L - Alanyl - L -  Hexehydr op heny1^1yc1ne
Deute r i um Dist rib ut i on Deut.Dist.
Time Temp. Catalyst m/e Deut.Inc. m/e Deut.Inc.
310 711 ? 12 21.3 214 215 (atom /)• 137 138 120 130 131 (atom $>)
Reference 07 13 CCo 94 6 1
1 day 70*C pt 56 24 r 12 9 5 85 20 11 3 2 8
3 days 70*0 Pt 3S. 24 16 10 11 4 8 43 31 21 5 18
1 day 70*0 ; I r 0 58 31 8 3 2 10 o 29 4 27
cyclo -  D -  a” 
deuterium oxir
La -  L - hexabydrophenylgly 
le 0,08 moles, 1 ’
0.47 x 10~4 moles; catalyst 6 x 10“ 1 mole»;-
4 8
aromatic protons was determined from the s ignal at n/e 107 
( HO «  -  Clip ) + and the deuterium incorporation in the
dike topiper az ine ring wa0 p.sses s ed from t he ion at m/e 114
. The t o t a l  deuterium incorporation maoOH 1 P








determined from the molecular ion signal at m/e 220.
Table XXVII indicates that substantial exchange o f  the 
aromatic protons occurred when platinum was used’, both at 
38 0 and at 70 0. Extensive incorporation into the 
diketopiperazine ring also occurred when the compound was 
exchanged fo r  3 days at 70°0. As in the case o f  cyolo -  L 
-  leu -  I) -  rhe the iridium catalvst aaain favoured some 
exchange o f  the crotons o f  the diketociaerazine rino: 
before the aroma.tic protons.
The mass spectrum, o f  c3rclo -  1 -  ty rosy l  -  L -  valine 
contains three peaks which were used to determine the 
pos it ion  and extent o f  the deuterium incorporation into the 
molecule. Deuterium exchange o f  the aromatic protons was 
assessed from the ion at rn/e 107 and the signal at m/e 113 
was used to  determine the incorporation into the 
diketopiperazine ring. Comparison o f  the exchange patterns 
in  the v i c in i t y  o f  the m/e 113 and the m/e 156 peaks
+0Ho -  CH3 i
CH
CH -  C 0
NH
gives an estimate o f  the degree
. NH 
3 1 . l
0 = 0 -  CH,
o f  incorporation into the valine residue.
Table XXVIII shows that the platinum catalyst produced 
extensive' exchange o f  the aromatic protons and the iridium 
cata lyst enhanced the exchange o f  the protons o f the 
diketopiperazine ring.
Cyclo -  L ~ alanyl -  1 -  hexahydrophenylglycine contains 
two a l iphat ic  side chains and i t  was used to  tes t the
49
s t a b i l i t y  o f  the a liphatic  protons under the exchange - 
conditions.The t o t a l  deuterium incorporation was determined
from the molecular ion (m/e''210)' ■o CH -  0 = 0 
I I
m  m
0 = C -  CH -  CH.
and proton exchange o f  the diketopiperazine ring was 






-  OH -  OH
L. OJ
' S ign if icant exchange occurred in two positions o f  the 
diketopiperazine ring when a platinum catalyst was used at 
70°0, but an iridium catalyst was found to be even more 
act ive  under the same conditions (Table XXIX). Substantial 
deuterium Incorporation in  the a l iphatic  ring did not occur 
with e ither  catalyst even a f te r  3 days.
An experiment with cyclo -  L alanyl -  L -
hexahydrophenylalanine gave s im ilar results. The to ta l
deuterium incorporation was assessed from the molecular ion
+signal at m/e 224 o- 0Ho ~ CH -  0 = 02 i IMl
- CH -  OH
i
0 = 0 3.
and the deuterium incorporation into the diketopiperazine 
ring was determined from the peak at m/e 128
. CH0 I 2
MI
0 =  0
0 = 0 
I
Ml
CH -  OH
H| +
3,
Only very small amounts o f  deuterium were incorporated 
in to  the peptide, primarily in  the diketopiperazine ring 
(Table XXX). ~ ’
To check the e f fe c t  o f  a second a liphatic  residue on the 
exchange pattern o f  an aromatic amino acid, L ~ leucyl -  
g ly c y l  -  1 -  phenylalanine was examined under the same 
exchange conditions. The extent o f  deuterium incorporation
50
was a s s e s s e d  by  a c id  h y d r o l y s i s  o f  th e  d e u t e r a t e d  p e p t i d e  
f o l l o w e d  by  d e r i v a t i s a t i o n  t o  th e  p iv a ld e h y d e  e t h y l  e s t e r  
components' and G - .L .C . -M .S .  a n a l y s i s .
T a b l e  XXX D eu te r iu m  exchange, o f  c y c lo  -  L -  A l a n y l  -
L -  H e x a h y d ro p h e n y la la n in e
’ D e u t . D i s t .  D e u t . D i s t .
Time Temp m/e D eu t . I n c . 
(atom  (/o)
m/e D e u t . I n c . 
(atom fo):128 .129 130 224 2 2 5 226 227














c y c l o  -  li -  a l a  -  1 -  hexahyd rop  he 0 .4 4  x 10 m o le s ;  
p la t in u m  6 x 10 m o le s ;  d e u te r iu m  o x id e  0 .0 5  m o le s .
The e x t e n t  o f  d e u te r iu m  exchange o f  th e  a ro m a t ic  p ro to n s  
(2 4 i ° )  o f  th e  p h e n y l a l a n in e  r e s i d u e  i n  the  t r i p e p t i d e  was  
s m a l l e r  th an  th e  exchange  o f  th e s e  p ro to n s  i n  th e  f r e e  amino  
a c i d  (37 f t )  o r  i n  p h e n y l a l a n in e  d i p e p t i d e s  (337«) under  th e  
same r e a c t i o n  c o n d i t i o n s .  The exchange o f  th e  a l i p h a t i c  
p ro to n s  o f  the  two n e u t r a l  amino a c id  r e s i d u e s  was  
n e g l i g i b l e  a t  7 0 °0 .  (T a b l e  XXXI)
. S in c e  s t e r i c  p u r i t y  i s  e s s e n t i a l  f o r  th e  a c t i v i t y  o f  a 
b i o l o g i c a l l y  f u n c t i o n i n g  p e p t i d e ,  i t  was im p o rtan t  t o  
e s t a b l i s h  w h e th e r  the  p ro po sed  c a t a l y t i c  exchange p ro c e d u re  
p ro c e e d e d  w i t h  r e t e n t i o n  o f  o p t i c a l  p u r i t y .  W ith  t h i s  i n  v iew  
we examined th e  o p t i c a l  p u r i t y  o f  l a b e l l e d  p h e n y la l a n in e  
•- by  po l a  r ime t r y .
As ex p ec ted  the  r e s u l t s  showed th a t  the  o p t i c a l ,  p u r i t y  o f  
th e  p h e n y l a l a n in e  sample  was r e l a t e d  t o  th e  exchange o f  the  
p r o t o n  a t  th e  asym m etric  c a rbo n  atom. I n  a d d i t i o n  th e  s t e r i c  
p u r i t y  o f  a d e u t e r a t e d  sample  o f  L -  p h e n y l a l a n in e  (8 5 *0 )  
was shown t o  be 98 .8  ~ 0 .1 $  pure  by  G-.L.C. o f  th e  T . F . A .  -  
1 -  p ro  -  L -  phe OMe d e r i v a t i v e , ^ . The exchange a t  the  
asym m etr ic  c a r b o n  atom o f  t h i s  sam p le ,  was found by  mass 
s p e c t r o m e t r y  t o  be l e s s  th a n  .1X .
T a b l e  XXXI D eu te r iu m  exchange o f  L -  L e u c y l  -  C f lyoy l  -
L -  P h e n y l a l a n in e
P h e ny 1 a 1 a n i  ne
D e u t . D i e t . D e u t . L i s t .
Time Temp, m/e
r~-----------------
D e u t . In c  .*
(atom  / )
m/e D e u t . I n c . 
(atom / )170 171 138 18 9  190  1 9 1  19 2
1 day 70° G 98 2 2 ?3 15 15 43 4 24
L e u c in e
D e u t . D i e t .
Time Temp . m/e D e n t . ] In c . 
$ )170 171 17? (atom
1 d ay 70*0 88 1 1 1 1
>
G ly c in e
D e u t . D i e t .
Time Temp. m/e D e u t . I n c . 
(atom X)08 qq 100
1 flay 7 0 ° G 92 3 5 6
L — 1 
p l a t i
A
eu -  g l y  -  L -  phe 0 .2 9  x 10*” m o le s ;
-5num f) x 10  m o le s ;  d eu te r iu m  o x id e  0 .0 5  m o le s .
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T a b l e  XXXII  O p t i c a l  p u r i t y  o f  l a b e l ]  , e cl p he ny l a  1 a n i  ne
Exchange Temp O p t i c a l  P u r i t y /  P e u t . I n o .  
m/e .18 8 *
cfo P e u t ,  I  no.
sL A/
m/e 170
R e fe r e n c e - 3 3 . 5 .1 i
50° G .-30 37 4
70° C -3 0 40 1
90° C - 3 4 . 5 54 4
I 2 0 °0 -1 4 .4 75 48
i o n  a t  m/e 
i o n  a t  m/e
18 8  c o n ta in s  the  a ro m a t ic  p ro to n s  
170 c o n ta in s  the  asymmetric  c a rb o n
The r e l a t i o n s h i p  be tw een  the  o p t i c a l  r o t a t i o n  o f  
t r y p t o p h a n  and th e  t e m p e ra tu re  o f  th e  exchange r e a c t i o n  
fo l lo w ed -  a s i m i l a r  p a t t e r n  t o  th a t  o f  p h e n y l a l a n i n e . Above  
90*0 r a c é m i s a t i o n  o f  th e  L -  t r y p t o p h a n  sam ples  became 
s i g n i f i c a n t  (T a b l e  X X X I I I )  but  be low  t h i s  t e m p e ra tu re  the  
o p t i c a l  o u r i t v  can  be m a in ta in e d .
A. C.'
T a b l e  X X X I I I  O p t i c a l  p u r i t y  o f  L -  t r y p t o p h a n
R e a c t i o n  Tem peratu re Opt i  c a 1 R o t at  i o n
R e fe r e n c e - 3 0 . 8 '
50*
COC\J!
90* - 2 8 ’
420* -1 3 *
The s t e r i c  p u r i t y  o f  a l a b e l l e d  t r y p t o p h a n  sample  
(e xchanged  a t  85° 0 f o r  2A h r s )  was determ ined  by  Gr.L.C. from  
th e  N -  t r i f l u o r o a c e t y l  2 -  b u t y l  e s t e r .  The sample  was  
found  t o  c o n s i s t  o f  99 -8  /  L -  t r y p t o p h a n .
S in c e  th e  s t e r i c  p u r i t y  o f  some p h e n y l a l a n in e  c o n t a in in g  
d i p e p t i d e s  can  be r e a d i l y  dete rm ined  by  N.I1.R. s p e c t r o s c o p y  
we examined a d e u t e r a t e d  d i p e p t i d e  L -  a l a n y l  -  L -  
p h e n y l a l a n in e  by  t h i s  t e c h n iq u e .  The method depends on th e  
p o s i t i o n  o f  th e  m ethy l d o u b le t  i n  the  N.M.R7 spectrum  and 
f o r  each  c l i a s t e r e o i s o m e r  t h e r e  i s  a d i f f e r e n t  p o s i t i o n .  The  
p re s e n c e  o f  an a ro m a t ic  amino a c id  i n  th e  d i p e p t i d e  g r e a t l y
?
___!— -.. .................Ó «X11 i j L ̂ 0 1- ¿ £ V h 2
££
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enhances the sh i f t '  o f  the methyl doublet. '
The opt ica l purity o f  the deuterium labelled 1 -  alanyl
-  1 -  phenylalanine (85°C, 1 day) was determined by comparing
the NJvT.R. spectrum o f  th is  compound with the N.IvJ.R.
a aspectrum o f  D,L -  ala -  D,L -  phe. * ' The absence o f  the 
signals at 1.? and. 1.3 ppm in f igure 8, indicated greater 
than 99$ op t ica l  purity.
S im ilar ly  the s te r ic  purity  o f  diketopiperazj.nes derived 
from two asymmetric amino acids can be read ily  determined by 
chromatographic techniques. An examination o f  seven 
diketopiperazines deuterated under varying conditions (from 
1 day at 70*0 to 21 days at 38 °C) by T.L.O. showed that less 
than 1$ o f  the other diastereoisomer-was present in  the 
exchange sample. *
The results summarised in  th is  thesis suggest that 
c a ta ly t ic  lab e l l in g  o f  small peptides containing aromatic 
amino acids such as phenylalanine, tyrosine, tryptophan and 
h ist id ine  is  possible under conditions which leaves the 
peptide bond and s te r ic  purity o f  the residues in tact .
A decaoeptide, containing two phenylalanine residues, 
Gramicidin S, was exchanged under the standard reaction 
conditions (1 day, 70°0) using a platinum cata lyst.  The 
conformational purity o f  the peptide was checked by T .L .O . ,
. 9
before the labelled Gramicidin S was hydrolysed to i t s  
constituent amino acids. The pivaldehvde ethyl ester 
der iva t ives  o f  the l iberated amino acids were prepared fo r  
mass spectrometric deuterium analysis. •
The extent o f  deuterium incorporation into the aromatic 
ring o f  the l iberated phenylalanine was found to be 
in s ign i f ican t  (approximately 1$). The slow rate o f  exchange 
o f  the a ro m a t ic  protons o f  Gramicidin S may have been due to 
•the pos it ion  o f  these protons in the molecule. The secondary
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structure o f  th is peptide has been determined by' Ovchinnikov 
and co~ workers ' from the preliminary X-ray analysis • 
carried out by Schmidt, Hodgkin and Oughton.- The aromatic 
rinvs o f  the phenylalanyl residues were found to  be on the 
in ternal surface o f  the molecule and therefore could not be 
adsorbed on the surface o f  the heterogeneous cata lyst.
Although experiments with Gramicidin S do not c lea r ly  
show the rate o f  exchange expected o f  larger peptides, i t  is  
f e l t  that other peptides with more favourable conformations 





GENERAL " 1  7
O ptical rotations were measured on a H ilge r instrument 
using e ith er  a 0 .5  dm or a 1 dm polarim etry tube.
G.L.C. separations were carried out using a Varian 6000 
gas chromatograph, f i t t e d  with a hydrogen flame detector. 
The column used was a 7* x 1/8" sta in less  s te e l tube packed 
w ith  5/ 7 0V17 on chromosorb W (s i la n is e d ). Helium was used 
as the c a rr ie r  gas.
Mass spectra were recorded on an E .A .I. QUAD 300 D low 
reso lu tion  mass spectometer under the fo llow in g  conditions; 
Ion isa tion  chamber temperature 250*0 *
Emmission current 4 amps
Ion energy 5 vo lts
Ion is in g  vo ltage 12 eV
The compounds were introduced in to  the mass spectrometer 
e ith er  by the so lid  probe in le t  system or by the G.L.C.
The most s ign ific a n t mass spectrometric signals were 
reported w ith th e ir  peak heights expressed as a percentage 
o f  the peak height o f the largest s igna l in  the spectrum.
Thin layer chromato5graphy (T .L .O .) p lates were prepared 
from "Merck -  K ies e lg e l G. according to  the method o f 
S tah l". Hinhydrin was. used to  detect free  amino groups, 
while cyclo -  d ipeptides were detected by the ch lorination  
met hod.
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In  a-typical-experim ent sodium borohydride ( 4oo mg) was 
added slow ly to  a suspension o f platinum oxide ( 100 mg) in  
water (50 mg). Hydrolysis o f the excess borohydride was 
completed by warming the suspension at 70°C fo r  ten minutes. 
The suspension o f the reduced cata lyst was then centrifuged 
and the solu tion  decanted. The reduced cata lyst was washed 
free  from excess sa lts  with water, cen trifuging and 
decanting the water a fte r  each washing. The soluble 
chlorides o f certa in  metals (irid ium  and n icke l) were used 
in  the preparation o f the reduced ca ta lys t. The chlorides 
(contain ing the equivalent o f 100 mg o f the metal) were 
d issolved in  water (50 ml) p r io r  to  activa tion  with sodium 
borohydride.
10 mg o f the reduced cata lyst were weighed in to the pvrex 
glass reaction  tube together with 10 mg o f the amino acid or 
peotide and 1ml o f deuterium oxide. The reaction  mixture 
was frozen in  an acetone -  dry ice  bath and evacuated to  a 
pressure o f 0.005 to r r .  A fte r  the usual degassing procedures 
(a llow ing the sample to  a tta in  room temperature under vacuum 
with " t "  closed (figu re  9 ) ,  freezin g  again and evacuating) 
the tube was sealed at the point where i t  had been 
preconstricted  to  a ca p illa ry .
* A fte r  the reaction  was stopped the tube was cooled and 
then opened. The-labelled  compound was completely dissolved 
in  add itional solvent, and the metal cata lyst removed by 
f i l t r a t io n .  The labelled  amino acids were pu rified  on.an ion 
exchange resin  column (Zeo -  Garb 225) a fte r  which the 
compound was dried and examined fo r  s te r ic  purity followed 
by analysis o f the deuterium incorporation.
STERIC PURITY OP AMINO ACIDS 'AND PEPTIDES
The op tica l rotations o f labe lled  phenylalanine and
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tryptophan samples were determined from 0.04  N solu tions, 
contained in  a 0.5 dm, 5 ml polarim etry tube. The s te r ic  
p a rity  of'phenylalanine was also determined by G-.L.C, o f the
T.F.A.-lr-pro-L-phe OMe d er iva t ive  on a 5 ’ by 1/&H column .
packed with 5^ 3EJ0 on chromesorbed T,Y. Tine column was held
- . . .  _ _________ ______________ ___________________________ ______ _ ___________ _________________ _____________________  _ ____ ___ _______ ______ ________________________________________ i
isotherm ally at i40°C and helium at a flow rate o f 
2.0 ml/min, was used as the ca rr ie r  gas. The s te r ic  purity 
o f  a labe lled  tryptophan sample was determined on the same 
column, from the N -  tr if lu o ro a c e ty l -  2 -  butyl ester.
The op tica l ro ta tion  o f tyrosine was determined from a 
4 N hydrochloric acid so lu tion  in  a 1 dm, % mi polarim etry 
tube.
The s te r ic  purity  o f L -  ala -  L -  phe was determined by 
N.M.R. spectroscopy using a Varian A -  60 spectrometer 
operating at 60 Hc/s with tetramethyl s ilane (T .M .3 .) as an 
in tern a l reference.
The diastereoisomers formed in  the exchange o f the
diketoniperazines were separated by T.L.C . using e ith er
isopropylether -  chloroform -  acetic  acid (6 :3 : l )  or
chloroform -  methanol -  acetic  acid (14:2:1 ) solvent systems.
To v isu a lise  the diastereoisomers the thoroughly dried
s i l ic a  gel p lates were sprayed with a fresh ly  d iluted
10 -  15 cfo solu tion  o f commercial clorax bleach in  water and
l e f t  to  dry in  a ven tila ted  hood at room temperature fo r
exact Ip?- 30 minutes, then sprayed with ethanol and a fte r  an
add itional .10 minutes, sprayed with a 1 : 1 mixture o f
ootassium iodide and fresh ly  prepared solu tion  o f
o - t o l i r1ine in  10^ acetic  acid -  water solvent. This method
con also detect faee amino acids liberated  by mature o f the
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peptide bonds, to  a concent ration  o f 0.5 -  T moles. ?
The free  amino acids formed by hydrolysis o f the peptide 
bond in  the deuterium exchange o f dipeptides were separated
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by T.L.O . using a butanol -  acetic  no il -  water (2:i. : i )  
solvent system. The s i l ic a  p-e 1 d a te s  were dried and the 
products visualised bv sarcvjn^ with ninhvdrin and
*- V  ^  V  ^
evaporating the solvent at 70° C.
PREPARATION OP MASS SPECTROTWRIO DERIVATIVES.
The in i t i a l  step in  the preparation o f the mass 
soeetrom etric d eriva tives  involved the formation o f the 
bvdrochloride ethy l ester o f the amino acid or peptide. In a 
ty p ic a l experiment oherylalanine (100 mg) was refluxed with 
an ethanol -  th ion y l chloride reagent (2 ml) fo r  30 minutes. 
(This reagent was unstable above 5°^ and was formed by 
adding th ion yl chloride (1 ml) dropwise to  ethanol (.10 ml) 
cooled in  dry i c e . )  The solvent was removed under vacuum and 
the hydrochloride ethyl es ter washed a number o f times with 
ethanol to  remove any traces o f acid present.
GENERAL PROCEDURE FOR THE PREPARATION OF ? IVAlDEHYDE ETHYL
ESTERS. 61
The hydrochloride ethyl ester o f the amino acid was 
d issolved in  ethanol and the solu tion  was brought to a pH o f 
7 by the addition  o f ion-exchange beads (A.G-.I. -  X8 , Bio -  
Rad Cal J in  the bicarbonate form). Pivaldehyde (0.1 ml) was 
added and traces o f water produced by th is  reaction  were 
removed by the addition  o f molecular s ieve (3^0 •
P lv -  phe OEt Molecular formula C^H^OpN M/;7t. 261
ra/e 204 [ v f i  -  t . C ^  (5 :P ], 188 -
C X 02 ( 2 8 p } i  470 [  Tit -  06H5 .0H2 (lOOp 
14? 120  (284) , _£1. (5 V ) ,
91 P c 6ti5 .oh2 ( 22 * ). ]
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P iv  -  p _-_Nitro -  Phe ' OEt
Molecular formula ^^¡^22^4^2 M.Wt. 306.
m/e 30fi f l i t  ( 5'0 j  , 233 [ v t  -  C / I^g  ( 2 1 $ )] , 
221 (24/o) , 493 (237-0 , 170 [  Mt -  
' 0H2 .C6H4 .N02 (.100$) _] , 137 (37$) ,
106 ( 100$ ) . ’
P iv  -  p ~ Fluoro -  Phe OEt
Molecular formula C*|q̂ 22^2^ M.Wt.. 279
m/e 279 f l i t  (t4$ ) ]  , 250 f  Mt -
G3H5°2 (44$) 3 » 770 [M t -  
GH2 .C6H ..P  (1 0 0 $ )] , 96 (15$).
P iv  -  Ala OEt Molecular formula M.Wt. 185
m/e 156 f l i t  -  C2H,- ( l$ ) ~J , 112 f l i t  -
O^H^Og (100$) ]  , 9 6 (12$ ) , 86 (40$).
P iv -  G-ly OEt Molecular formula OqH^O^N M.Wt. 171
m/e 156 [ u t  -  CH3 (.16$) 3 » 142 fi.lt -
C2H5 (17$) ]  , 114 f  Mt -  tC4Hg (1 2 $ )] ,
98 [Mt -  03H502 (1 0 0 $ )] , 86'(89$) .
p^v -  Tje  ̂QEt Molecular formula M.Wt. 227
” m/e .170 [m t -  tC4Hg ( 8$) ]  r ^54 f  Mt -
■ • C3II502 ( 30$ ) ]  , 138 (27$) , 105 (37$),
96 (100$) , 82 (90$).
P iv  -  Orn OEt Molecular formula O ^H ^O ^g  M.Wt. 296 
m/e 239 f l i t  -  tC4Hg (9$) ]  , '223 [ mÌ  -
G3HS°2  3 ’ 196 ( 2 9$) , 168 (31$) ,
154' (.100$) , 140 (67$)-
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Phenylalanine containing dipeptides were hydrolysed by 
re flu x in g  fo r  12hrs. in 4N hydrochloric acid* The acid was 
remove under vacuum and the lib era ted  amino acids were 
washed a number o f times with ethanol and dried to  remove 
traces o f  water and hydrochloric acid p r io r  to  the 
preparation  o f the nivaldehyde ethyl ester d e r iva tives .
GENERAL PROGELURE FOR THE PREPARATION OF ACETYL ACETONE
ETHYL ESTERS 62
The hydrochloride ethyl es ter o f the amino acid was again 
prepared and d issolved in  ethanol. The pH o f th is  solu tion  
was brought to  7 by the addition o f ion -  exchange bends 
(A .G .I. -  X8 , Bio -  Rad C a l . , 'in  the bicarbonate form ). A 
few drops o f a ce ty l acetone were added followed by a s t ick  
o f  molecular s ieve  (3A, Matheson, N .J .) to  remove traces o f 
water. The reaction  mixture was allowed to  stand overnight 
before the supernatant liqu id  was withdrawn with a syringe 
and the solvent evaporated in  vacuo. The sample was then 
introduced in to  the mass spectrometer by way o f the so lid  
probe in le t  system.
ACA -  Tvr OEt Molecular formula C^Hp.O^N M.Wt. 291
- - - l l g i I U  c~  I r
m/e 291 [.V.r + , 218 [ y  -  0,11^0
184 L mT "  CH2 .0gH4ÔH (1005«)] , 141 (36#) 
170 . [  CH2 .O gH4,OH (78#)] . : . \ :... ■
AGA -  Try OEt
m/e
Molecular formula ^-]g^22®3^2 M.’f t .  314
229 (250 , 182 ( 1 .5 # )  , -156 ( 6 .5 # )  , .
( 100#)-]. , 100 ( 30#) .130 [  CHp - rL  ̂ IbcI'Tn
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m/e 225 [ mÍ  ( 100/) J » 196 p í í  -  G?Hg ( 6̂ )J , 
‘ .194 ( 4/) , 182 Q mÎ  -  G?H,0 (64/ )3  5
152 [M Í -  C3H502 (57/”) ]  .
AG A — P r o OEt M o l e c u l a r - fo rm u la  G^pH^gO^ÏÏ M.V/t. 225
ACA -  His OEt Molecular formula G13H19°3N3
M.Wt. 265
m/e 265 [ mÍ  3 , 192 [ mÍ
C,H 02 (37/) 3 » 184 [ m í -- 3- 5 -2  , J. L .
CH,,-*----N (82/) , 167 (62/) , 142 (31/) ,
UfJTi-“ r  -1
410 (100/) , 81 [CH ?|— IT (94/J.
The acety l acetone ethyl ester d eriva tives  o f the 
d ipeptides o f tyrosine and tryptophan were prepared in  the 
same way as the d eriva tives  o f the amino acids except super - 
dry ethanol was used because the peptide bond was susceptible 
to  hydrolysis under these conditions.. The super -  dry ethanol 
was prepared by reacting clean dry magnesium (5g) and iodine 
(0 .5g ) with 75ml o f 99 + $ ethanol. The mixture was warmed 
u n til the iodine had disappeared and a l l  the magnesium had 
been converted to  the e th y la te . 900ml o f the absolute alcohol 
were then added and the mixture was refluxed fo r  30 minutes. 
The ethanol (99.95$) was d is t i l le d  o f f  d ir e c t ly  in to  the 
vesse l in  which i t  was stored.
ACA -  G-ly Tyr OEt . .
Molecular formula ^18^24^5^2 348
m/e 348 [ mÍ  (2/) 3 , 330 [j 'l í  -  H20 (IO/) J , 
257 (7/) , 242 [  MÍ + H 
( 2/) 1 , 192 (53/) , 139 (400/)
107 I CI-I2 0 ,HA. OH ' ''n '
ch2 . c6ha . oh
( 3 ^ .
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ACA -  Tyr -  Gly OEt
m/e 348 [ mÍ  ( I . 5/ ) ]  , 290 (9/) , 249 (5/) , 
242 Q t  + H -  CIL .̂C^H .OH ('42fe) ]  ,
'199 (48/0 , 184 ( 100/) , 376 (33/) ,
107 [CH2 .C6H .OH (80/) ]  .
M o l e c u l a r  f o r m u la  ^ 8^24^ 5^2 M .W t.  348
APA -  Gly -  Try OEt
Molecular formula ^20^25^4^ M.V/t. 373
m/e 371 [_MÍ (45/) ]  , 257 ( 6/) ,
242 r MT + H -  CH,
CNH
( 66/)f| ,
215 (100/) , 196 (12/) , 157 (63/) , 
130 f  CH, (99/) ]  .
ACA -  Try -  leu OBt
M.V/t. 427Molecular formula ^24^33^4^3
m/e 427 f l i t  (4/) ]  , 385 ( 8/) , 370 ffr.lt 
C4Hg (20/) f| , 328 (32/) ,
298 f  Mt + H -  CH2-  -—Q  (12/)]
MASS SPSCTHA OF OYCLO DIPSPTIDES .
The cyclo dipeptides were s u ff ic ie n t ly  v o la t i le  to  be 
introduced d ir e c t ly  in to the mass spectrometer, by way o f the 
so lid  probe system. '
Gyclo -  Phe -  Phe .
Molecular formula • 294
m/e 294 [ f i t  (3/) ]  , 235 ( 2 1/) , 203 f i t  -  
' CHp.CÆ ( 6/) 2  175 (15/) , 120 (100/) ,
9 l " fC H 2.C6H5 (18/ ) ]  .
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Cyclo — Leu -  Phe
M o l e c u l a r  fo r rn u la  260
m/e 260 [ ]  I.lt ( 3/) 
(13/) J , 169 
113 ■"
91
, 204 Q l t  + I I  _  C4Hg
Hi -  CHp.CHI (2 0 / )] ’ ,
6^5
_ Mt + H -  C4H9 -  CH2 .C6H5 
CH2. CgH (100 4) ]  . ’
Cyclo -  G-lv -  Tyr
Molecular forrnula C ^ H ^ O M . V / t .  220
m/e 220 [^mT ( 8/ ) ]  , .114 £ Mt + H -
CH2 .C gH4 .OH (2050] ,
107  [_ch2 .c6h4.oh ( 100/ )J  •
Cyc lo  -  Tyr -  Val
Molecular forrnula G14H18°3N2
m/e 262 [ jä t  (2 .5 / f j  , 156 £ M* +
CH2 .CgH4 .0H ( 8 8 / ) ]  , 1 1 3  Q  Mt
C3H? -  CH2 . Cj- H 4 . OH ( 3 8 / ) ]  ,  




Cyclo -  Tyr -  Ala
Molecular forrnula C-j 2^14  ̂ ^2  ^34
m/e 234 jOit (2/) "J , 128 fü t  + H
mt + H -CH2 .CgH4 .0H (72 0 J , 113 [
0H2 .C g iI4 .0H -  CH3 (8;>) ]  , . ■ . .
10 7  |^0H2 . CgH4 . OH ( , l0 0 /) 3  > 8 5 (5 /0  
57 (6?0 • "
5
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Cyclo -  Try -  Ala ■
Molecular formula M.V/t. 257
”/8  [ 13°  ' 10 0 /)1 ,
118  (3.5^-) , 98 (14f>) , 83 (13<0 ,
57 (70'/>) .







Mt (3/0] , 139 (???) ,
M. -  9 gH ̂  (20' >) ]  ,
Ht + H -  CgH^ -  CĤ  (100/)J , 
OpH^ ( 10? ? ) ] ,  67 ( 8/) , 57 (10??).
Oyclo -  Ala -  Hexahydrophenylala
Molecular formula G*|2^20^2^2 ^.Wt. 224
m/e 224 [ l it  (35?)] f l 8 l ( 3^6/) , 153 (5-45?) ,
141 (16??) , 113 [ i i t  + H -  CgH^ -  CH3 (100/)] 
99 ( 12/?) , 83 [CgH^ ( 6? ? ) ] ,  70 (9/ )t
CORRECTION FOR NATURALLY OCCURRING ISOTOPES
In  the mass spectra o f a l l  carbon compounds there is  an 
isotope peak, due to  the presence o f naturally occurring 
isotopes in  particu lar carbon -  13 and deuterium, one mass 
unit above each fragment ion s igna l. To calcu late the extent 
o f  deuterium incorporation in  a particu lar fragment, an 
isotope correction  formula was applied: ,
Height o f rri + 1 ^euk ocv;•Ci!
Height o f m peak 1 -  x
= i .1 2  n fo
Where TÏ1 = fragment ion peak
m + !1 rz isotope peak one mass unit from
the fragment ion peak
n . = number o f carbon atoms in the
fragment
X = fraction  o f carb on occurring as
carbon -  ’13
For multiple ere hange o f deuterium in to a f  remuent * the
average deut e r i urn coni'ent j# , is  calculated f rom the
fo llow ing e qui at j.on
i  = n
0 = 1 y : i  diin i  = ti
where di is  the oe^centage oj_ ** * w-? i aromatic molecules (o f  n
hydrogen atoms) containing i d e ut e r i urn a toms.
These formulae mere used in  the fo llow ing computer
program t o calcu late t he ext ent o f deuterium incorporât;ion
in  a part icu la r fragment ion . «
69
C C PROGRAMME ISOTOPE■ CORRECTION S. MURRAY 
DIMENSION D (30), HR ( 30) ,  P (30 ), NH(30)
1 FORMAT ( 5H PEAK8X1H0,9(5X11))
2 FORMAT ( 5H PEAK,4X, 10 ( 4X, 1 2 ))
3 FORMAT (10H OORR PO 10F6.2 //)
4 FORMAT (7H PHI = F10.2,10X9H THETA = F10.2/13H 
PERCENTAGE D = F10.3//)
5 FORMAT (50H NAME OF SYSTEM
)
10 FORMAT (/ ) .




C INPUT HO. OF REPLACEABLE HYDROGENS
READ, NC, HD '
CN = NC 
FAC = CN*FM 
N = HD + 1
READ, (H H (I), I  = 1,N 
DO 40 I  = 1,N 
40 D (I ) = NH(I)
CD(1) = NH(1)
DO 150 I  = 1,ND 
J = I  + 1 '
50 CD(J) = D(J) -  FAC* CD(I) .
IF (C D (J ))51,51,150 ;
51 CD( J) = 0
150 CONTINUE
SUM = 0
DO 55 I  = 1 ,N ----
55 SUM = S.UM + CD ( I )
DO 58 I  = 1,30 
58 P ( I )  = 0
70
DO 60 I  = 1,N
60 P ( I )  = (CD(l)/SUF)*100.
PUNCH 1, (J,J = 1 , 9 )
PUNCH 3, ( P ( I ) , I  = 1,10)
PUNCH 10
IB(N -  10)100,100,80 
80 PUNCH 2, (J ,J  = 10,19)-
PÜNCH 3, ( P ( I ) , I  = 11,20) 
PUNCH 10
IP  (N -  20)100,100,90 
90 PUNCH 2 , (J ,J = 20,29)
PUNCH 3 , ( P ( I ) , I  = 21,30)
PUNCH 10 
100 PHI = 0.
DO 65 I  = 2 ,N 
AJ = I  -1
65 PHI = PHI + P (I )*A J  
THETA = 0.
DO 70 I  = 1,ND 
J = I  -  1 
BJ = (HD -  J)
70 THETA = THETA + P ( l )  *  BJ
PD = (PHI/(PHI + THETA))*100. 
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T'.F.A. t r if lu o ro a c e t ic  acid
P iv . pivaldehyde
AOA ace ty l acetone
M,S. mass spectrometry
G.L.C. gas -  liqu id  chromatography
T.L.C . th in  layer chromatography
N. M • R i ' nuclear magnetic resonanace














Table X II 





Table X V III
Table XIX
E ffe c t o f  cata lyst on the rate o f 
deuterium incorporation in to  phenylalanine 
Molar ra t io  o f  platinum cata lyst to  
phenylalanine
E ffec t o f temperature on the rate o f 
exchange o f  phenylalanine 
E ffec t o f time on the extent o f deuterium 
incorporation  in to  phenylalanine 
Deuterium incorporation  in to  tyrosine 
E ffec t o f  s o lu b il ity  on deuterium 
incorporation  in to  tyrosine 
Deuterium exchange o f para flu oro  
phenylalanine
Deuterium exchange o f para n itro  
phenylalanine
Deuterium exchange o f  tryptophan 
Deuterium exchange o f g lyc in e , alanine 
and leucine
Deuterium exchange o f pro line 
Deuterium exchange o f ornithine 
Deuterium exchange o f h istid in e 
Deuterium exchange o f the phenylalanyl 
residue o f g ly c y l -  L -  Phenylalanine 
Deuterium exchange o f g ly c y l residue o f 
g ly c y l -  L -  phenylalanine - ..
Deuterium exchange o f phenylalanyl 
residue o f L -  a lanyl -  L -  phenylalanine 
Deuterium exchange o f the alanyl residue 
o f 1 -  a lanyl -  L -  phenylalanine 
Deuterium exchange o f L -  p ro ly l -  L 
— phenylalanine























Deut e r i  urn e xc hange
o f L -  tryp tophyl-
o f .g ly c y l  -  L -
o f L -  ty ro sy l -
o f L -  ty ro sy l
L -  alanine
Deuterium exchange o f cyclo -  L -  leu cy l— 
D -  phenylalanine -
Deuterium, exchange o f C3rclo -  D -  
phenylalanyl -  L -  phenylalanine 
Deuterium exchange o f cyclo -  L -  
tryptophyl -  L -  alanine 
Deuterium exchange o f cyclo -  g lycjrl -  
L -  tyrosine
Deuterium exchange o f cyclo -  L -  ty ro sy l
-  L -  va lin e
Deuterium exchange o f cj^clo -  L -  alan3̂ 1 — 
L -  he xa h jd rp henylglyc1 ne
Deuterium exchange o f cyclo -  1» -  a lanyl -
L -  hexahydrophenylalanine
Deuterium exchange o f L -  leu cv l -  g ly c y l
-  L -  phenylalanine '
Optical pu rity  o f labe lled  phenylalanine 




(1 ) J.II.Bradbury, Proc.Roy.Aust.Chen.Inst., 1971 (17)., 357*
(2 ) J.Rowo,J.H iUon,K.I.Rowe, Chen.Rev., 70(1 ), 1-57, (1970).
(3 ) J .L .K a r 't le y ,I.P a tte r  and 0 .Jardetzky, Science, 1 51,
1749, (1958).
( 4 ) G .E .Calf and J.L.Garnett, J.Phys.Chem., 68, 3887, (1 ? ^ ) .
(5 ) G .E .Calf and J.L.Garnett, J .C ata lysis, 3 , 461, (1964).
( 6) G .E .Calf,B .U .Fischer and J.L.Garnett, Proceedings o f the 
Second In ternationa l Conference on Methods o f Preparing 
and Storing Labelled Compounds, EUROATOTT, Brussels, 
( 1968) .
(7 ) J.Bell,K.A.MacDonald and R .I.R e id , J.Chem.Soc., 3459, 
(1953).
( 8 ) K. A.Walsh and J.R.Brown, Bioohim.Biophys .Acta, 58, 696 
(1962).
(9 ) A .iuC restfie ld .S .K oore and W.IT.Stein, J .B iol.Chen ., 238 ,
622, (1Q63). •
( 10 ) P .Desnuelle and A.Casal. Biochim.Biophys.Acta, 2, 64, 
(1048).
( 1 1 ) E. A. No I t  ma nn, T . A. Ma howa Id and S.A.Kuby, J .B iol.Chen.,
237, 1146, (1962).
( 1 2 ) U .T.Elnore, "Peptides and P ro te in s", Cambridge 
U n ivers ity  Press, London, (1968).
( 1 3 )  j  . 1/. Garnett ,R. J  .Hodges and W .A.Sollich -  Baumgartner,
p r0Ceedinirs o f the Fourth In ternational Congress on 
Cata lysis , Moscow, (1968). . .
(14) J.L.Garnett and R.J.Hodges, J.Aner.Chem.Soc., 87,4546,
(1967).
(15) G.Schwarzenbach and P.Stensby, Helv.Chin.Acta, 42, 2343, 
(1959).
(16) G .E.Calf,J.L.Garnett,B .H .IIalpern and K.Turnbull, Nature, 
502, (1966).
76
(17) J .L.Garnett and W .A.Sollich -  Baumgartner, J.Phys.Chem., 
69, *1850 , (1966).
(18) J .l.G arnett and W .A.Sollich, Nature, 201, 902, (1964)
(19) J.L.Garnett and W .A.Sollich, J .C ata lys is , 2, 350, (1963)
(20) J.L."Garnett and W .A.Sollich, Aust.J.Chem., Ifi, 1003, 
(1965).
(21) J.L.Garnett and W .A.Sollich -  "Baumgartner, J.Phys.Chem., 
68, 3177, (1 °64 ).
(22) J.L.Garnett and W .A .Sollich -  Baumgartner,- Advances in  
C ata lysis , 1_6, 95, (1966).
(23) R.S.Mulliken, J.Araer.Chem.Soc., 74, 811, (1952).
(24) C.Kemball, Catalysis Reviews, 5, 33, (1971).
(25) J .C .P .M ignolet, "Chemisorption" (W.E.Garner,Ed. ) ,  
Academic Press, New York, (1957).
(26) P.W.Selwood, j . Amer.Chem.Soc., 79> 3346, 4537, 5391j 
(1957).
(27) J.L.Garnett and 'W.A.Sollich — Baumgartner, J .Cata lysis, 
5, 244, (1966).
(28) A.Parkas and L.Parkas, Proc.Roy.Soc., 144A, 467, (1934)
(29) A.Parkas and L.Parkas, Trans.Paraday S oc., 35, 906,
( 1930) .
(30) E.Crawford and C.Kemball, Trans.Faraday Soc., 58, 2452,
( 1962 ) .
( 3 1 ) J.J.Rooney, J .C ata lysis, 2, 52, (1963).
(32) C . G . MacDonald and J.S.Shannon, Aust.J.Chen., 18, 1009, .
(1965). . ‘
(23) J.L.Garnett and W .A.Sollich, J .C ata lysis, 2, 339, (1963)
(34) H.C.Brown and C.A.Brown, J .Amer.Chem.Soc., 84, 1493
( 1062) .
(35) H.C.Brown and 0 .A.Brown, J .Amer.Chem.Soc., 84, 1494,




















J.L.Garnett and W .A.Sollich, J.Phys.Ohem., 68, .436, 
( 1$64) .
R.L.WoIfsang,F.S.Rowland and C.H.Turton, Science, 121, 
715, (1955).
K. E.Wilzbach, J.Amer.Chem.Soc., 79, 1013, (1957).
J.L.Garnett ,1.J.Henderson,?/. A .Sollich  and G.V.D .Tiers, 
Tetrahedron Letters , 1_5, 516, (1961).
L . C .Leitch, Can. J.Chem., 32, 813, (1954).
J . L.Garnett, Catalysis Reviews, 5, 229, (1971).
V.G.Manusad^hyan, A .M. Zyakoon, A.V.Chuvilin and
Ya .M.Varshavskii, Invest .Akad.Nauk Arm.S .S .R ., Ser Kira 
17, 143, (1964).
K. Biemann, “Mass Spectrometry11, McGraw -  H i l l ,
New York, (19^2).
R. vxynnd , A.P roy , H. H. Fe3 s e 1 and K. K. S u n, Z . Nat urf ors h. 
20b, 1169, (1965).
Yu.A.Ovc hi nnikov,A.A.Kiryushkin,E. I.Vinogradova,
B.V.Rosinov and M.M.Sherayakin, Biokhinia, 32, 427, 
(1967) .
II.F.Grutzmacher and K.Heyns, Justus L ieb ig 's  Ann.Ohem. 
^98, 24, ( 1966) .
P .Pfoender, Justus L ieb ig 's  Ann.Ohem., 707, 209,
(1967).
J.L.Garnett, I'Tueleonics, 20, 86, (1962).
B.Bax,J.J.Led and S.J.Pederson, Acta.Chen.Scand
3051, (1969). .
I..A .H o lt,? .M illigan  and D .E .R ivett,
(19 ), 3559, (1971).
B.Tialnern,L.P.Ohe"? and B.V/einstein,
89, 5051, (1967). '
S .G il -  Av, R.Charles and G.Fischer
Biochemistry, 10, 
J . Arae r . C he m. S oc., 
, J.Ohromatog.,
17, 408, (1965).











( 6 2 )
B.Halpern,L.E.Chew and B.Weinstein, J .Airier.Ch.em.Soc.,
89, 5051, (1967). .
B .Weinstein and A.33.Pritchard., J.Chem.Soc., 1015, ( ’'977). 
Yu. A . Ovc hinni kov, V .T . Ivanov, V . P . Byst r o v , A. I . Mirs hnikov, 
E.N.Shepel,N.D.Abdullsw,E.3 .Efremov and L.B .Senyavinn, 
Biochem.Biophys .Res .Oormnun., ¿9 (2 ), 217s (1970) •
C-.M. J.Schmidt ,D.Crowfoot Hodgkin and B .If. Ought on, 
J.B iochen.? 65, 744, (1957). .
J.7/.Y/estley,V.A.01ose,B.N.Fitecki and B.IIal’pern,
Analytic Chemistry, 40, 1888, (1968).
3 .0 .Pan and J.I).Butcher, Anal.Chem., 22, 836, (1956). 
P .B .H iteck i and J.W.Goodman, Biochem., 5 (N °2), 665, 
( 1966) .
V.A .Bacon,B.Jellun,7/.Patton,Vf.Perreira and B.Halpern, 
A n a ly tica l Biochemistry, ¿1̂ , 339, (1969).
V . A . Ba c on, E. Je Hum, W. Pa11 on, W.P e rre i  ra and B.Halpern, 
Biochem.Biophys .Res,.Comm., ¿7, B°6, (1969).
79
A CKN OWLED CEMENT S
The author would lik e  to  express his gratitude to  
Mr. W. Hannan fo r  proposing the outline o f th is  p ro ject 
and his expert guidance and assistance. Also the author 
would lik e  to  thank Professor B. Halpern fo r  his 
advice and d irec tion  given during the course o f th is  
p ro ject .Thanks are also due to  Mr. J. Korth fo r  the 
recording o f mass spectra and to  the s t a f f  o f the 
Chemistry department o f Wollongong U n iversity  College 
fo r  th e ir  assistance •
F in a lly  the author g ra te fu lly  acknowledges the 
encouragement given by his w ife  and mother during his 
studies.
1 0  J K f ? Air%-fr:h ï * -j
